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Habitat  alterations,  environmental  contaminants,  and  the  stress  associated  with 
captivity  have  contributed  to  a growing  interest  in  animal  stress  responses.  Perhaps  the 
most  important  endocrine  reaction  of  the  stress  response  is  the  increased  synthesis  of  the 
glucocorticoids  from  the  adrenal  cortex.  Reptilian  stress  physiology  is  at  its  infancy,  and 
virtually  nothing  is  known  about  the  function  of  stress-induced  elevations  of 
glucocorticoids.  Effects  of  stressors  on  modern  reptiles  may  help  us  to  understand  the 
evolutionary  foundation  upon  which  endotherms  evolved  their  stress  responses.  In 
addition,  the  profound  effects  of  temperature  on  reptilian  metabolism  provide  for  a wide 
arena  of  factors  influencing  regulatory  mechanisms  of  the  hypothalamic-pituitary-adrenal 
axis. 

Effects  of  acute  stress  on  corticosterone  and  glucose  were  determined  for 
immature  Kemp’s  ridley  turtles  and  alligators.  Both  species  responded  with  significantly 
elevated  plasma  corticosterone  and  hyperglycemia.  Shorter  time  intervals  were  examined 
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in  alligators,  and  significant  elevations  of  corticosterone  and  glucose  occurred  at  5 and  15 
min  after  capture,  respectively.  Two  days  of  hyperosmotic  stress  in  alligators  followed 
by  30  min  of  acute  captivity  showed  that  the  type  of  stressor  attenuated  the  response  to  a 
new  acute  stressor. 

The  effects  of  chronic,  hyperosmotic  stress  on  corticosterone,  glucose, 
aldosterone,  and  kidney  GR  mRNA  concentrations  were  determined  for  fasted,  juvenile 
alligators.  This  study  provided  the  first  examination  of  GR  expression  in  a reptile  using  a 
homologous  assay  from  a cloned  fragment  of  alligator  GR.  A dramatic  increase  of 
plasma  corticosterone  occurred  in  fasted  animals  exposed  to  three  weeks  of  hyperosmotic 
stress  and  was  associated  with  significantly  lower  plasma  glucose  and  aldosterone.  Thus, 
these  data  supported  the  hypothesis  that  higher  energy  requirements  are  required  for 
maintaining  homeostasis  during  severe  physiological  stress  versus  milder  stress.  An 
overall  down-regulation  of  kidney  GR  mRNA  was  observed  in  alligators  maintained  in 
saltwater.  This  is  the  first  reptilian  study  to  support  the  hypothesis  that  chronic  stress 
causes  increases  in  plasma  glucocorticoids  that  are  associated  with  alterations  of  kidney 
GR  mRNA  levels.  Further  research  analyzing  GR  expression  and  function  at  the 
molecular  level  are  required  to  determine  the  physiological  function  of  corticosterone 
during  stress. 
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CHAPTER  1 

THE  VERTEBRATE  STRESS  RESPONSE: 

FROM  HORMONES  TO  RECEPTORS 

Overview 

The  19th  century  French  physiologist,  Claude  Bernard,  recognized  that  all  living 
organisms  maintain  the  constancy  of  their  “milieu  interieur”  regardless  of  changes  in  the 
surroundings.  Walter  B.  Cannon,  a 20th  century  Harvard  physiologist,  referred  to  an 
organism’s  ability  to  maintain  a steady  internal  state  as  “homeostasis”  (reviewed  in 
Selye,  1976).  Animals  have  evolved  complex  biological  responses  that  regulate  a steady 
physiological  state  in  a constantly  changing  environment.  Failure  of  these  adaptive 
mechanisms  results  in  disease  or  even  death.  An  understanding  of  the  biological  stress 
response  is  essential  to  understanding  the  complex  physiological  mechanisms  that 
maintain  homeostasis  in  vertebrates. 

The  goals  of  this  chapter  are  to  provide  a brief  historical  introduction  to  the 
concept  of  stress  and  to  review  hormonal  regulation  of  the  biological  stress  response.  I 
will  focus  on  the  glucocorticoids,  in  particular,  corticosterone,  the  predominant 
glucocorticoid  in  reptiles.  I will  review  our  current  knowledge  of  stress-induced 
elevations  of  corticosterone  among  the  reptilian  orders.  I end  by  indicating  gaps  in  our 
knowledge  of  reptilian  stress  physiology  and  providing  a brief  outline  of  the  objectives  of 
the  following  chapters. 
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Stress  and  the  General  Adaptation  Syndrome 

The  current  field  of  stress  physiology  was  sparked  by  the  classic  studies  of  Hans 
Selye.  In  1936,  Selye  first  defined  stress  as  “the  nonspecific  result  of  any  demand  upon 
the  body”  (reviewed  in  Selye,  1980;  p.  vii).  His  experiments  on  rats  demonstrated  that  an 
organism  exposed  to  a variety  of  stressors  (e.g.,  excessive  cold,  surgical  injury) 
responded  with  a stereotypic  syndrome  regardless  of  the  nature  of  the  stimuli  (Selye, 
1936).  He  termed  this  syndrome  the  General  Adaptation  Syndrome  and  described  three 
stages:  (1)  alarm,  (2)  resistance,  and  (3)  exhaustion  (Selye,  1937,  1946). 

The  stage  of  alarm  (acute  stress  response)  can  occur  within  6 to  48  hours  after 
exposure  to  the  initial  stressor  and  is  characterized  by  such  symptoms  as  the  involution  of 
the  thymus  and  lymph  nodes,  ulcerations  of  the  stomach  and  intestines,  and 
hyperfunction  of  the  adrenal  glands.  During  the  early  stage  of  resistance,  the  adrenal 
glands  are  greatly  enlarged,  and  growth  and  gonadal  function  are  suppressed.  If  the 
stressful  stimulus  is  continued  for  days,  the  animal  will  build  up  a resistance  to  that 
particular  stressor  whereby  the  morphology  and  function  of  all  its  organs  returns 
practically  to  normal.  However,  if  a novel  stressor  is  introduced  during  this  stage,  a 
marked  alarm  phase  will  result.  Thus,  adaptation  (i.e.,  acclimation)  to  one  stressor  occurs 
at  the  expense  of  resistance  to  new  stimuli.  If  chronic  stress  becomes  severe,  the 
organism  will  fail  to  maintain  homeostasis  and  exhibit  a stage  of  exhaustion  characterized 
by  a loss  of  resistance,  a reappearance  of  symptoms  similar  to  the  first  stage,  and 
ultimately  death. 

The  fact  that  acquired  resistance  gradually  disappears  under  continued  stress  or 
that  an  animal  adapted  to  one  stimulus  loses  some  of  its  ability  to  adapt  to  a novel 
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stressor  suggests  that  energy  is  consumed  during  every  process  of  adaptation.  Selye 
(1937)  referred  to  an  animal’s  ability  to  adapt  as  “adaptation  energy.”  He  hypothesized 
that  adaptation  energy  was  present  in  every  individual  but  only  in  a limited  quantity. 

In  the  1930s,  it  was  recognized  that  the  adrenal  cortex  produced  two  types  of 
steroids  responsible  for  two  types  of  activity:  salt/water  balance  and  carbohydrate 
metabolism  (reviewed  in  Sayers,  1950).  Selye  named  the  steroids  mineralocorticoids  and 
glucocorticoids,  respectively.  During  subsequent  decades,  many  investigators  observed 
that  a wide  variety  of  stressors  caused  a stereotypical  endocrine  response  involving  the 
anterior  pituitary  and  a rapid  increase  in  secretion  of  glucocorticoids  from  the  adrenal 
gland.  The  topic  of  increased  resistance  to  stress  dominated  discussions  of  adrenocortical 
physiology  in  the  1940’s,  especially  after  this  resistance  was  ascribed  to  the 
glucocorticoids. 

Selye’ s theories  implied  that  the  glucocorticoids  enhanced  the  body’s  defense 
mechanisms  during  stress  (Selye,  1946).  He  also  postulated  that  a variety  of  diseases 
(e.g.,  rheumatoid  arthritis,  allergies,  diffuse  collagen  disease)  were  caused  by  excessive 
adaptive  reactions  to  stress,  in  other  words,  extreme  elevations  of  glucocorticoids.  The 
concept  of  “diseases  of  adaptation”  was  highly  controversial,  and,  with  the  discovery  in 
the  late  1940s  that  pharmacological  doses  of  glucocorticoids  had  strong  anti- 
inflammatory effects  (i.e.,  suppressed  defense  mechanisms),  led  to  the  fall  of  Selye’s 
theories  (Munck  et  al.,  and  references  therein,  1984). 

In  current  literature,  the  general  adaptation  syndrome  and  resistance  to  stress  are 
rarely  mentioned.  This  is  unfortunate  when  it  is  well  known  that  human  patients 
undergoing  glucocorticoid  therapy  require  higher  doses  when  stressed,  and  that  the 
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damage  characteristic  of  the  alarm  stage  occurs  more  readily  in  the  absence  of 
glucocorticoids  (Selye,  1976).  It  is  the  failure  of  the  stress  response  that  leads  to  the  last 
stage  of  exhaustion. 

Use  of  the  word  “stress”  as  synonymous  with  injury  or  damage  is  misleading 
since  normal  function  (e.g.,  muscular  activity)  can  also  act  as  a stressor.  Life  without 
stress,  as  defined  by  Selye,  is  impossible.  It  is  under  severe  stress  or  after  the  stress 
response  has  failed  to  maintain  homeostasis,  that  injury,  damage,  and  eventually  death 
will  occur.  The  primary  objective  of  the  biological  stress  response  is  to  allow  an 
organism  to  maintain  homeostasis  and  survive  in  an  unpredictable  environment. 

The  Hypothalamic-Pituitary-Adrenal  Axis 

Selye’ s early  work  focused  on  the  application  of  extrinsic  stressors  to  the  tissues 
of  domestic  mammals  and  the  subsequent  effects  on  the  body.  In  the  1950s,  a growing 
awareness  of  the  importance  of  both  intrinsic  and  extrinsic  factors  in  explaining 
population  regulation  was  initiated  by  the  work  of  Christian  (reviewed  in  Greenberg  and 
Wingfield,  1987).  Using  mice  as  a model,  Christian  demonstrated  a relationship  between 
physiological  stress  associated  with  high  population  densities  and  reproductive  function. 
The  insight  that  density  dependent  mechanisms  evolved  within  animals  to  regulate 
population  growth  initiated  a new  appreciation  of  the  diversity  of  physiological 
mechanisms  (Christian  and  Davis,  1964). 

During  the  1 960s,  studies  examining  actions  of  glucocorticoids  using 
physiological  doses  on  isolated  tissues  and  cells  began  to  dominate  the  literature  on  stress 
physiology.  With  the  advent  of  the  radioimmunoassay,  a relatively  inexpensive  and  easy 
method  for  determining  plasma  concentrations  of  hormones,  the  secretions  of  the 
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hypothalamic-pituitary-adrenal  (HP A)  axis  were  soon  used  extensively  as  indices  of  the 
presence  of  stress.  These  secretions  or  “stress  hormones,”  catecholamines  (epinephrine 
and  norepinephrine),  adrenocorticotropin  (ACTH),  and  the  glucocorticoids  (cortisol  and 
corticosterone),  increase  in  response  to  stressors  and  have  been  identified  for  a few 
species  in  every  vertebrate  class  (Axelrod  and  Reisine,  1984;  Greenberg  and  Wingfield, 
1987).  The  term  “biological  stress  response,”  initiated  when  vertebrates  encounter  a 
stressor,  is  used  to  describe  the  activation  of  the  HPA  axis  and  the  resulting 
endocrinological  actions  towards  the  maintenance  of  homeostasis. 

Stressors  are  conditions  that  may  endanger  or  are  perceived  to  endanger  the 
survival  of  an  individual  and  can  be  classified  into  three  general  categories  (Van  de  Kar 
and  Blair,  1999):  (1)  psychological  stressors  (e.g.,  fear,  anxiety,  exposure  to  a novel 
environment);  (2)  physical  stressors  that  have  a strong  psychological  component  (e.g., 
pain,  foot  shock,  immobilization);  and,  (3)  physiological  stressors  that  tend  to  challenge 
cardiovascular  and  fluid  homeostasis  (e.g.,  hemorrhage,  exercise,  heat  exposure,  osmotic 
challenge).  These  wide  ranges  of  stressors  all  activate  the  HPA  axis  in  a stereotypic 
fashion.  However,  the  initial  sympathetic  nervous  response  is  specific  to  different  types 
of  stressors  (Axelrod  and  Reisine,  1984;  Norris,  1985).  Likewise,  the  amplitude  of 
stress-induced  glucocorticoid  concentrations  can  be  influenced  by  many  factors  including 
genetic  variability,  gender,  age,  nutritional  state,  reproductive  condition,  the  type  of 
stressor  and  the  frequency  of  stressor  presentation  (Selye,  1976;  De  Boer  et  al.,  1988, 
1990;  Zhou  and  Livett,  1990;  Meaney  et  al.,  1991). 

The  HPA  axis  mediates  the  release  of  glucocorticoids  during  stress  and  is  outlined 
in  Figure  1.1  (Axelrod  and  Reisine,  1984;  Meaney  et  al.,  1991;  Vazquez,  1998;  Welberg 
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and  Seckl,  2001).  A vertebrate’s  neural  perception  of  a stressor  arises  in  the  cerebral 
cortex  and,  through  unknown  mechanisms,  stimulates  secretion  of  catecholamines  at 
sympathetic  nerve  endings  in  the  hypothalamus  and  adrenal  medulla.  Within  seconds, 
release  of  epinephrine  and  norepinephrine  into  the  circulation  increases  cardiac  output 
and  redistributes  glucose  from  peripheral  tissues  to  the  nervous  system  and  muscles  in 
preparation  for  “flight  or  fight.”  After  a few  minutes,  corticotropin-releasing  hormone 
(CRH)  and,  to  a lesser  extent,  arginine  vasopressin  (AVP),  both  synthesized  from  the 
paraventricular  nucleus  of  the  hypothalamus,  are  released  from  the  median  eminence  and 
reach  the  anterior  pituitary  via  the  hypophyseal  portal  circulation.  CRH  and  AVP  act 
synergistically  to  stimulate  the  proopiomelanocortin  (POMC)  producing  cells  of  the 
anterior  pituitary  to  release  adrenal  corticotrophic  hormone  (ACTH)  into  the  circulation. 
ACTH  interacts  with  adrenal  cortex  receptors  causing  increased  synthesis  and  secretion 
of  glucocorticoids. 

Repeated  exposure  to  elevated  levels  of  glucocorticoids  has  been  associated  with 
neuronal  death  and  other  deleterious  effects.  Thus,  a suppression  of  glucocorticoid 
secretion  is  an  important  feature  of  the  HPA  system.  Inhibition  of  the  HPA  axis  occurs 
through  at  least  three  types  of  mechanisms  (Vazquez,  1998):  rate  sensitive  fast  feedback, 
intermediate  feedback,  and  delayed  feedback.  Fast  feedback  occurs  within  minutes  and  is 
rate  sensitive  to  the  rise  of  glucocorticoids  that  “turn  off’  CRH  and  ACTH  secretion. 
Intermediate  feedback  is  proportional  to  the  total  dose  of  steroids  administered  and 
occurs  within  30-90  min.  Although  the  mechanisms  of  inhibition  are  poorly  understood, 
they  are  likely  to  include  neuronal  mechanisms  in  suprahypothalamic  structures  (e.g., 
hippocampus).  Delayed  feedback  works  over  the  course  of  hours  and  involves  the 
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steroid-receptor  complex  that  suppresses  gene  expression,  decreasing  ACTH  stores  in  the 
pituitary  and  other  key  molecules  of  the  limbic  system. 

The  dynamic  nature  of  the  stress  response  is  exemplified  by  the  highly  complex 
interactions  of  stress  hormones  that  are  still  poorly  understood  in  most  vertebrate  species. 
For  example,  glucocorticoids  can  affect  the  ratio  of  catecholamines  synthesized  in  the 
adrenal  medulla  by  regulating  the  enzyme  that  converts  norepinephrine  to  epinephrine 
(Axelrod  and  Reisine,  1984).  The  neurotransmitter  dopamine,  also  released  by  the 
adrenal  medulla  during  acute  stress,  has  been  shown  to  inhibit  adrenocortical  secretion  of 
corticosterone  (Morra  et  al.,  1990).  Epinephrine  may  regulate  CRH-containing  neurons, 
and  epinephrine,  norepinephrine,  vasoactive  intestinal  peptide,  and  vasopressin  stimulate 
whereas  cortisol,  corticosterone,  and  somatostatin  inhibit  the  release  of  ACTH  from  the 
anterior  pituitary  (Axelrod  and  Reisine,  1984;  Maccari  et  al.,  1992). 

Recent  studies  have  shown  that  postnatal  handling  of  rats  (during  a critical  period 
between  1 and  1 5 days  of  age)  can  permanently  alter  the  HPA  response  to  a wide  variety 
of  stressors  (Viau  et  al.,  1993).  As  adults,  handled  rats  secrete  less  corticosterone  and 
show  a faster  return  to  basal  concentrations  following  termination  of  stress  than  do 
nonhandled  rats.  No  difference  in  glucocorticoid  receptor  density  was  found  in  the 
hypothalamus  and  pituitary  between  treatment  groups.  However,  a significant  increase  in 
hippocampal  glucocorticoid  receptor  density  was  found  in  handled  rats  versus 
nonhandled  rats,  thereby  increasing  the  sensitivity  of  the  hippocampus  to  circulating 
glucocorticoids  and  enhancing  the  negative-feedback  inhibition  over  HPA  activity 
(Meaney  et  al.,  1991). 
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Studies  demonstrating  the  important  regulatory  role  of  the  limbic  system  (e.g., 
hippocampus,  amygdala)  on  the  HPA  axis,  and  the  growing  awareness  of  the  role  of 
glucocorticoids  in  brain  development,  memory  loss,  aging,  anxiety,  obesity,  and 
depression  have  made  the  HPA  axis  the  most  studied  neuroendocrine  system  to  date. 
Although  studies  on  the  involvement  of  the  limbic  system  during  stress  and  its  effects  on 
brain  programming,  behavior,  and  psychology  are  outside  the  scope  of  the  present 
review,  they  have  infused  the  literature  with  new  and  exciting  data  and  promoted  a fresh 
perspective  on  this  complex  system  (Vazquez,  1998;  Sapolsky,  1999;  Van  de  Kar  and 
Blair,  1999;  Laugero,  2001;  Korte,  2001;  Welberg  and  Seckl,  2001).  New  molecular 
biotechnologies  will  not  only  clarify  the  function  of  stress  hormones  on  tissues  and 
metabolism,  but  also  on  higher  brain  structures  and,  ultimately,  resolve  the  neurendocrine 
regulation  of  the  biological  stress  response  and  its  effects  on  physiology,  development, 
and  behavior. 

Glucocorticoids  and  the  Glucocorticoid  Receptor 

Glucocorticoids  are  steroid  hormones  synthesized  primarily  in  the  zona 
fasciculata  of  the  adrenal  cortex  (Fig.  1.2).  Glucocorticoid  action  is  highly  complex, 
diverse,  and  multi-faceted.  Cortisol  and  corticosterone  stimulate  hepatic 
gluconeogenesis,  the  conversion  of  amino  acids  to  glucose.  Glucocorticoids  stimulate  the 
release  of  glucogenic  amino  acids  from  peripheral  tissues  (e.g.,  muscle;  thereby  inhibiting 
protein  synthesis)  and  promote  the  mobilization  of  fatty  acids  from  adipose  tissue  to 
increase  availability  of  amino  acids  for  gluconeogenesis  (Chastain  and  Ganjam,  1986). 

In  the  early  1950s,  Ingle  (1952)  and  others  found  evidence  of  “permissive  effects”  for 
glucocorticoids  as  it  became  apparent  that  low,  physiological  levels  were  required  for  the 


9 


appropriate  cellular  environment  favorable  to  the  actions  of  many  other  hormones.  For 
example,  glucagon  and  epinephrine  are  ineffective  at  gluconeogenesis  without  the 
permissive  action  of  glucocorticoids  (Postle  and  Bloxham,  1982;  Stumpo  and  Kletzien, 
1981).  Thus,  a primary  physiological  role  of  glucocorticoids  in  mammals  is  to  assure 
adequate  supplies  of  energy  and  mobilized  glucose  (Dallman  et  al.,  1989). 

Glucocorticoids  affect  all  systems  of  the  body,  acting  as  important  regulators  of  a 
wide  variety  of  physiological  processes,  and  are  essential  for  the  maintenance  of 
homeostasis.  Munck  et  al.  (1984)  were  the  first  to  unify  the  permissive  actions  of 
glucocorticoids  with  their  well  known  suppressive  effects  on  a variety  of  mediators  of 
defense  reactions  (termed  “pharmacological  actions”).  They  hypothesized  that  stress- 
induced  increases  in  glucocorticoid  levels  prevented  normal  defense  reactions  from 
overshooting,  thereby  damaging  tissues  and  threatening  homeostasis.  Thus,  elevations  of 
glucocorticoids  in  response  to  acute  stress  are  required  for  increased  energy  demands 
and,  because  of  their  antiinflammatory  effects,  protection  against  the  body’s  own  defense 
mechanisms  (Munck  et  ah,  1984;  de  Kloet  et  ah  1993,  Sapolsky  et  ah,  2000).  However, 
long-term  exposure  to  elevations  of  glucocorticoids  (i.e.,  chronic  stress)  can  have 
deleterious  effects  on  growth,  reproduction,  and  immunity  in  a variety  of  vertebrates 
(Selye,  1976;  Leathern,  1978;  Stephens,  1980;  Welsh  and  Johnson,  1981;  Greenberg  and 
Wingfield,  1987;  Pickering  and  Pottinger,  1989;  Brann  and  Mahesh,  1991;  Mason,  1991; 
Sandi  et  ah,  1992;  Alberts  et  ah,  1994;  Dhabhar,  2000). 

The  glucocorticoid  receptor  (GR)  was  discovered  in  the  late  1960s  and  has  since 
been  found  in  practically  every  cell  type  in  the  body  (Beato  and  Feigelson,  1972;  Munck 
and  Leung,  1977).  Presumably,  all  physiological  actions  of  glucocorticoids  are  mediated 
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by  binding  to  intracellular  GR  (Type  II)  and  mineralocoid  receptors  (MR  or  Type  I), 
members  of  a large  family  of  ligand-activated  transcription  factors  (Gustafsson  et  al., 
1987;  de  Kloet  et  al.,  1993;  Bamberger  et  al.,  1996).  Corticosterone  and  aldosterone  (the 
primary  mineralocoid  in  mammals)  bind  to  MR  with  equal  affinity.  MR  are  located  in 
the  brain,  kidney,  parotid,  and  colon,  and  are  aldosterone-selective  in  the  latter  three 
tissues  (Funder,  1992).  GR  have  a substantially  lower  affinity  for  glucocorticoids  than 
MR  (de  Kloet  et  al.,  1993).  It  is  believed  that  MR  mediate  responses  of  normal  circadian 
variations  in  circulating  glucocorticoids,  while  GR  are  involved  in  the  regulation  of  the 
stress  response  and  mediate  many  of  the  known  effects  of  glucocorticoids  (i.e., 
preferentially  active  under  elevated  glucocorticoid  concentrations;  Patchev  et  al.,  1994). 

The  human  GR  is  a ~94-kDa  protein  and  was  the  first  member  of  the  nuclear 
hormone  receptor  family  to  be  sequenced  and  characterized  (Hollenberg  et  al.,  1985; 
Giguere  et  al.,  1986).  All  members  of  this  receptor  family  (include  receptors  for 
androgens,  progestins,  estrogens,  vitamin  D,  thyroid  hormone,  and  retinoic  acid)  share  a 
characteristic  three-domain  structure  (reviewed  in  Gustafsson  et  al.,  1987  and  Bamberger 
et  al.,  1996).  The  N-terminal  domain  contains  sequences  thought  to  interact  with  the 
transcription  machinery  or  other  transcription  factors  and  is  responsible  for  activation  of 
target  genes.  The  central  part  of  the  receptor  molecule  is  the  DNA-binding  domain  that  is 
involved  with  receptor  dimerization,  nuclear  translocation,  and  contains  two  highly 
conserved  “zinc  fingers”  that  are  essential  for  binding  to  DNA.  The  ligand  binding 
domain  (C-terminal)  specifically  binds  to  the  ligand  and  contains  sequences  important  for 
heat  shock  protein  (hsp)  binding,  dimerization,  and  nuclear  translocation  (Bamberger  et 
al.,  1996,  and  references  therein). 
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Figure  1.3  is  a simplified  model  of  the  current  understanding  of  how  the  GR  is 
transformed  to  an  active  transcription  factor  when  bound  by  glucocorticoids  (Bamberger 
et  al.,  1996).  The  unactivated  GR  exists  in  a multiprotein  complex  composed  of  the 
receptor,  two  molecules  of  hsp90,  and  one  molecule  each  of  hsp70  and  hsp56.  The 
complex  most  likely  undergoes  cycles  of  dissociation  and  reassociation  in  the  absence  of 
hormone  as  well  as  shuttling  between  the  cytoplasm  and  the  nucleus.  Glucocorticoids 
easily  cross  the  plasma  membrane  and  interact  with  intracellular  GR.  Upon  ligand 
binding,  a presumed  conformational  change  in  the  GR  occurs  that  causes  a dissociation  of 
the  GR  from  the  hsp  complex,  hyperphosphorylation  of  the  receptor,  and  nuclear 
translocation  of  the  cytoplasmic  GR  molecules.  Once  inside  the  nucleus,  the  ligand- 
activated  GR  affects  transcription  of  target  genes  by  either  interacting  with  specific  DNA 
sequences  via  glucocorticoid  response  elements,  or  interacting  with  other  transcription 
factors  in  the  absence  of  DNA  binding.  The  latter  mechanism  tends  to  inhibit 
transcription  while  the  former  either  inhibits  or  enhances  transcription  by  RNA 
polymerase  II. 

The  magnitude  of  the  GR-mediated  response  is  closely  correlated  to  the  number 
of  cellular  GR  (Vanderbilt  et  al.,  1987).  The  expression  level  of  GR  varies  among  tissues 
with  the  thymus  containing  among  the  highest  numbers  of  receptors  per  cell.  The 
response  of  a cell  exposed  to  glucocorticoids  is  determined  by  at  least  three  parameters: 
(1)  concentration  of  free  hormone;  (2)  relative  potency  of  the  hormone;  and,  (3)  the  cell’s 
ability  to  receive  and  transduce  the  hormonal  signal  (Bamberger  et  al.,  1996).  The 
concentration  of  free  hormone  is  influenced  by  plasma  levels  of  corticosteroid-binding 
globulin  (CBG),  a steroid-binding  protein  that  presumably  regulates  the  availability  of 
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free  steroids  for  target  tissues.  The  relative  potency  of  glucocorticoids  is  influenced  by 
their  bioavailability,  affinity  for  the  GR,  and  ability  to  retain  the  GR  in  the  nucleus. 
Finally,  virtually  every  step  in  the  GR  activation  cascade  can  be  interfered  with.  Thus, 
the  extent  to  which  the  cell  can  respond  to  the  hormone  signal  is  highly  complex  and 
variable. 

Glucocorticoids  appear  to  be  potent  regulators  of  their  own  receptor  and  cause  a 
down-regulation  of  GR  in  many  cell  lines  and  intact  mammals  and  human  subjects 
(Bumstein  et  al.,  1991,  1992;  Silva  et  al.,  1994).  Bamberger  et  al.  (1996)  suggest  that 
down-regulation  of  GR  by  glucocorticoids  is  a short-loop  feedback  mechanism  protecting 
tissues  from  excessive  glucocorticoid  levels.  Possible  mechanisms  for  glucocorticoid- 
induced  down-regulation  of  GR  include  direct  inhibition  of  transcription  of  the  GR  gene 
or  reduction  of  GR  mRNA  stability  and  translatability.  In  addition,  effects  of 
neurotransmitters  and  other  steroids  add  to  the  complexity  of  GR  expression  (Peiffer  and 
Bardin,  1987;  Maccari  et  al.,  1992). 

Stress  Responses  in  Reptiles 

Most  of  what  we  know  about  the  interaction  and  regulation  of  stress  hormones 
comes  from  studies  on  domesticated  mammals,  particularly  rodents.  A search  through 
the  MedLine  database  for  publications  pertaining  to  glucocorticoids  and  non-mammalian 
vertebrates  resulted  in  about  880  references  compared  to  over  7,000  for  rodents  alone. 
Publications  on  fish  comprised  45%  of  the  non-mammalian  literature,  followed  by  birds 
(27%),  amphibians  (19%),  and,  lagging  far  behind,  reptiles  (9%).  This  is  unfortunate 
given  the  fascinating  diversity  of  physiological  adaptations  that  reptiles  exhibit,  as  well  as 
their  evolutionary  position  as  the  phylogenetic  group  leading  to  both  birds  and  mammals. 
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Studies  of  the  effects  of  stressors  on  modern  reptiles  may  help  us  to  understand  the 
evolutionary  foundation  upon  which  the  stress  response  of  endotherms  evolved. 

Studies  have  demonstrated  that  exogenous  ACTH  (from  mammalian  sources) 
increases  plasma  corticosterone  in  a variety  of  reptiles  (Licht  and  Bradshaw,  1969; 
Daugherty  and  Callard,  1972;  Callard,  1975;  Lance  and  Lauren,  1984;  Dauphin- 
Villemant  et  ah,  1988;  White  and  Thomas,  1992).  Several  publications  confirm  that 
ACTH  is  synthesized  in  the  pituitary  of  reptiles  (Naik  et  al.,  1980;  Pearson  et  ah,  1983; 
Lancha  et  ah,  1994;  Mohanty  and  Naik,  1997).  Stress  has  been  shown  to  stimulate  the 
synthesis  and  secretion  of  corticosterone  from  interrenal  tissue  (corresponds  to  the 
mammalian  adrenal  cortex;  see  Gabe,  1970)  of  reptiles,  although  the  physiological  role  of 
glucocorticoid  is  still  poorly  understood.  The  following  summary  will  focus  on  reptilian 
studies  that  examine  corticosterone,  especially  in  response  to  stress  (e.g.,  capture  and 
handling). 

Turtles 

Mammalian,  chelonian,  or  synthetic  ACTH  stimulated  corticosterone  output  of 
the  interrenal  in  vivo  or  in  vitro  in  the  freshwater  turtle,  Chrysemys  picta  (Callard,  1975). 
Both  intact  and  hypophysectomized  C.  picta  responded  to  treatment  with  ACTH  with  a 
significant  increase  in  plasma  corticosterone  30  and  60  min  after  injection.  Callard 
(1975)  remarked  that  circulating  corticosterone  concentrations  in  unstressed, 
unanesthetized  C.  picta  were  considerably  lower  than  those  reported  for  mammals,  birds, 
amphibians,  or  lizards  (see  Callard,  1975  for  references). 

Synthetic  turtle  angiotensin  II  increased  plasma  corticosterone,  but  not  cortisol  or 
aldosterone,  in  the  conscious  freshwater  turtle,  Pseudemys  scripta  (Sanford  and  Stephens, 
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1988).  In  contrast  to  the  study  on  C.  picta,  mammalian  ACTH  failed  to  alter  plasma 
corticosterone  in  P.  scripta. 

Acute  hyperosmostic  stress  in  adult  male  soft-shelled  turtles,  Lissemy  punctata, 
caused  depletion  of  corticosterone  and  norepinephrine  from  the  adrenal  gland  indicative 
of  release  into  the  circulation  (Mahapatra  et  al.,  1991).  However,  adrenal  epinephrine 
content  did  not  change.  Anoxic  submergence  in  warm  and  cold  temperatures 
dramatically  increased  plasma  catecholamine  concentrations  in  C.  picta  (Keiver  et  al., 
1992a,  1992b).  In  contrast,  anoxia  decreased  plasma  corticosterone  concentrations  at 
both  temperatures. 

Capture  and  serial  bleeding  increased  plasma  corticosterone  and  glucose  in 
juvenile  green  sea  turtles,  Chelonia  mydas,  (Aguirre  et  al.,  1995).  Individuals  with 
fibropapillomas  were  thought  to  be  chronically  stressed  and  immunosuppressed.  Indeed, 
those  individuals  had  higher  corticosterone  levels  than  healthy  turtles. 

Wild,  immature  loggerhead  sea  turtles  ( Caretta  caretta)  exposed  to  acute 
captivity  stress  (capture,  serial  bleeding,  and  restraint  up  to  6 h)  responded  with  a 
dramatic  increase  of  plasma  corticosterone  1 h after  capture  that  peaked  at  3 h and  then 
decreased  by  6 h (Gregory  et  al.,  1996).  Larger,  most  likely  mature  loggerheads,  also 
experienced  elevated  plasma  corticosterone  in  response  to  captivity  stress,  although  the 
magnitude  of  the  HPA  response  was  significantly  lower  than  experienced  by  small  turtles 
during  summer.  Plasma  corticosterone  concentrations  failed  to  change  over  time  for  a 
few  adult  turtles.  This  hyporesponsiveness  of  the  HPA  axis  was  thought  to  be  associated 
with  reproductive  condition  (Gregory  et  al.,  1996). 
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Reduced  adrenocortical  function  in  turtles  was  first  demonstrated  by  Valverde  et 
al.  (1992),  for  nesting  olive  ridley  sea  turtles  (Lepidochelys  olivacea ) exposed  to  hot  and 
severely  crowded  conditions  while  nesting.  This  interesting  reciprocal  relationship 
between  reproduction  and  the  biological  stress  response  has  been  further  supported  with 
more  recent  studies  that  show  a distinct  hyporesponsiveness  of  the  HPA  axis  in  nesting 
olive  ridley  and  green  sea  turtles  even  under  pervasive  stressors  (Valverde  et  al.,  1999; 
Jessop  et  al.,  2000).  Since  stress-induced  corticosterone  can  inhibit  reproduction, 
mechanisms  that  reduce  the  responsiveness  of  the  HPA  axis  would  be  selected  for  in  sea 
turtles  to  facilitate  nesting  during  a time  when  turtles  are  experiencing  environmental 
conditions  they  normally  do  not  encounter  (e.g.,  heat,  crowding,  excessive  muscle 
contractions). 

Squamates 

In  the  male  iguanid  lizard,  Sceloporus  cyanogenys,  plasma  corticosterone 
concentrations  increased  markedly  after  one  injection  of  mammalian  ACTH  (Daugherty 
and  Callard,  1972).  Peak  corticosterone  concentrations  were  observed  at  30  and  60  min 
after  treatment  in  intact  and  hypophysectomized  lizards,  respectively.  A more  recent 
study  demonstrated  that  synthetic  human  ACTH  was  more  potent  in  stimulating 
synthesis,  in  vitro,  of  corticosterone  than  aldosterone  from  adrenals  of  Lacerta  vivipara 
(Dauphin-Villemant  et  al.,  1988).  The  authors  suggested  the  existence  of  two  distinct  cell 
types  specialized  in  the  production  of  corticosterone  and  aldosterone  as  found  in 
mammalian  adrenal  cortex. 

Adult  male  Anolis  carolinensis  form  social  dominance  hieracrchies  in  the 
laboratory.  Greenberg  et  al.  (1984)  found  that  plasma  corticosterone  concentrations  were 
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significantly  elevated  in  subordinate  A.  carolinensis  whereas  dominant  animals  showed 
concentrations  comparable  to  isolates.  Higher  plasma  corticosterone  of  subordinates  was 
also  correlated  with  darker  skin  color  typical  of  “stressed”  animals. 

Several  studies  have  shown  that  time  of  day,  season,  or  reproductive  condition 
can  alter  stress-induced  adrenal  activity  in  lizards  (Dauphin- Villemant  and  Xavier,  1985, 
1987;  Grassman  and  Hess,  1992;  Manzo  et  ah,  1994;  Dunlap  and  Wingfield,  1995). 
Female  Cnemidophorus  sexlineatus  exhibited  greater  corticosterone  concentrations  than 
males  after  acute  stress  (Grassman  and  Hess,  1992).  The  adrenocortical  response  to  acute 
stress  was  highest  in  wild  populations  of  Sceloporus  occidentals  during  the  hottest  and 
driest  seasons  (Dunlap  and  Wingfield,  1995).  A typical  adrenocortical  response  was 
observed  for  female  L.  vivipara  after  1 h of  confinement  stress.  However,  the  response 
varied  with  time  of  day.  Significant  increases  in  stress-induced  corticosterone  occurred 
during  the  nadir  of  the  corticosterone  rhythm  while  no  significant  effect  of  confinement 
stress  occurred  at  the  time  of  peak  daily  rhythms  of  corticosterone  (Dauphin- Villemant 
and  Xavier,  1987).  These  data  are  similar  to  several  rodent  studies  that  demonstrate 
diurnal  variations  in  the  response  of  the  HPA  axis  during  stress  (Dunn  et  al.,  1972;  Kant 
etal.,  1986). 

Effects  of  handling  (acute  stress)  on  the  adrenocortical  response  have  been 
documented  for  a variety  of  squamates.  Thirty  minutes  after  capture,  C.  sexlineatus 
exhibited  higher  circulating  corticosteome  concentrations  (Grassman  and  Hess,  1992). 
Male  Urosaurus  ornatus  subjected  to  10  min,  1 h,  and  4 h of  capture  stress  produced  a 
significant  increase  in  plasma  corticosterone  over  time  (Moore  et  ah,  1991). 

Confinement  stress  of  male  Podarcis  sicula  sicula  caused  a significant  increase  in  plasma 
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corticosterone  within  12  min  of  capture  and  remained  elevated  for  48  h (Manzo  et  al., 
1994).  In  contrast,  male  and  female  bearded  dragon  {Pogona  barbata ) captured  during 
the  breeding  season  showed  little  change  in  plasma  corticosterone  3.4  and  24  h after 
capture  (Cree  et  al.,  2000).  It  was  suggested  that  low  adrenocortical  responses  to  capture 
may  be  unique  to  reptiles  known  to  adjust  well  to  captivity.  However,  effects  of  capture 
stress  were  not  examined  in  non-breeding  individuals  and  these  data  may  actually  support 
an  inhibition  of  the  HPA  axis  during  reproduction. 

Plasma  corticosterone  in  the  female  red-sided  garter  snake  ( Thamnophis  sirtalis 
parietalis ) was  elevated  immediately  after  capture  but  declined  significantly  within  six 
hours  (Whittier  et  al.,  1987).  Interestingly,  Whittier  et  al.  (1987)  mentioned  that 
aggression  is  completely  absent  in  this  snake  and  that  these  animals  breed  easily  in 
captivity.  In  contrast,  wild  male  and  female  brown  treesnakes  ( Boiga  irregularis ) had 
elevated  plasma  corticosterone  after  one  night  in  a live  trap  that  further  increased  when 
individuals  were  placed  in  collecting  bags  for  10  min  and  2 h (Mathies  et  al.,  2001). 

Plasma  corticosterone  was  analyzed  after  fights  among  male  copperheads, 
Agkistrodon  contortrix  (Schuett  et  al.,  1996).  Losers  show  behavioral  signs  of  stress  and 
it  was  hypothesized  that  they  would  have  higher  levels  of  corticosterone.  Mean  plasma 
corticosterone  concentrations  were  higher  in  losers  after  1 h postfight  than  in  winners 
during  spring  and  summer  (Schuett  et  al.,  1996). 

The  interaction  of  the  HPA  axis  and  the  hypothalamic-pituitary-gonadal  (HPG) 
axis  is  a growing  area  of  study  in  the  modem  reptilian  literature.  Hyporesponsiveness  of 
the  HPA  axis  during  acute  stress  has  been  reported  for  several  reptiles  during  the 
breeding  season.  These  data  support  the  hypothesis  that  animals  living  in  extreme 
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environments  with  little  opportunity  for  reproduction  may  suppress  the  stress  response 
during  the  breeding  season.  Moore  et  al.  (2001)  demonstrated  that  populations  of  male 
garter  snakes  ( T s.  parietalis)  with  brief  mating  periods  did  not  exhibit  changes  in  plasma 
corticosterone  or  testosterone  after  capture  during  the  breeding  season  but  did  at  other 
times  during  the  year.  In  addition,  the  response  of  the  HPA  axis  to  acute  stress  varied 
within  species  and  was  hypothesized  to  be  affected  by  unique  environmental  and  life 
history  challenges  (Moore  et  al.,  2001). 

Crocodilians 

In  Caiman  crocodilus , handling  and  repeated  blood  sampling  over  a 6-hour  period 
raised  plasma  corticosterone  3 -fold  of  initial  concentrations  by  the  second  hour  (Gist  and 
Kaplan,  1976).  Administration  of  mammalian  ACTH  to  dexamethasone  (a  potent 
synthetic  corticoid)  -treated  caimans  resulted  in  increased  secretion  of  corticosterone,  the 
duration  of  which  was  positively  correlated  with  the  dosage  of  ACTH  (Gist  and  Kaplan, 
1976). 

Juvenile  Alligator  mississippiensis  exposed  to  saltwater  at  10,  15,  and  20  ppt  lost 
more  than  25%  of  initial  body  weight  and  ceased  feeding  (Lauren,  1985).  Minor  wounds 
failed  to  heal  and  deaths  occurred  after  3 weeks  of  exposure  to  the  higher  salinities. 

Weekly  blood  samples  were  taken  and  plasma  corticosterone  concentrations  were 
elevated  in  animals  subjected  to  saltwater  versus  those  maintained  in  freshwater  during 
the  four  weeks  of  the  study  (Lauren,  1985). 

Plasma  corticosterone  concentrations  increased  after  capture  in  male  alligators 
and  peaked  at  12  h,  declined,  and  then  increased  again  at  41  h post-capture  (Lance  and 
Elsey,  1986).  This  biphasic  pattern  of  the  adrenocortical  response  was  not  explained  by 
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the  authors  who  focused  mostly  on  the  dramatic  reduction  of  plasma  testosterone 
exhibited  by  stressed  animals.  An  earlier  study  on  circadian  variation  of  plasma 
corticosterone  in  juvenile  alligators  showed  a similar  biphasic  pattern  of  basal 
corticosterone  levels  (Lance  and  Lauren,  1984).  Peak  corticosterone  concentrations 
occurred  at  0800  h and  2000  h and  corresponded  to  the  biphasic  activity  of  alligators. 
However,  these  studies  measured  plasma  values  at  4 h intervals  and  it  is  not  known  if 
significant  alterations  of  the  HPA  response  could  have  occurred  at  smaller  time  intervals. 
Whether  a biphasic  pattern  of  stress-induced  plasma  corticosterone  is  related  to  feedback 
mechanisms  on  the  HPA  axis,  circadian  variation,  or  some  other  factor  is  not  known. 

Captive  adult  and  juvenile  alligators  maintained  in  high  stocking  densities  had 
plasma  corticosterone  concentrations  higher  than  those  maintained  at  lower  stocking 
densities  (Elsey  et  al.,  1990a,  b).  The  variation  in  plasma  corticosterone  in  juveniles  was 
correlated  with  a decreased  growth  rate  in  high-stocked  compared  to  low-stocked 
alligators  despite  the  presence  of  excess  food  (Elsey  et  ah,  1990b).  A single,  monthly 
blood  sample  was  enough  to  monitor  chronically  elevated  plasma  corticosterone  in 
juvenile  alligators  exposed  to  crowded  conditions.  Higher  levels  of  corticosterone  were 
correlated  with  lower  nesting  success  in  captive  female  alligators  (Elsey  et  ah  1 990a). 
These  authors  indicated  that  plasma  corticosterone  levels  may  be  useful  in  evaluating 
stress  in  alligators.  A possible  “critical  level”  of  corticosterone  may  be  reached  before 
adverse  effects  on  reproduction  occur. 

Reptilian  Stress  Physiology:  The  Challenge  of  a Molecular  Approach 

The  field  of  reptilian  stress  physiology  is  at  an  immature  stage,  filled  with 
mammalian-derived  assumptions  and  data  describing  trends  among  plasma  hormones 
with  little,  hard  evidence  for  their  physiological  implications.  One  of  the  mammalian- 


20 


derived  assumptions  that  is  poorly  tested  in  the  reptilian  system  is  the  belief  that 
corticosterone  is  gluconeogenic.  Several  studies  in  the  late  1950s  through  the  early  1970s 
concluded  that  corticosterone  administration  led  to  hyperglycemia  and  increased  liver 
glycogen  in  a few  reptiles  (Miller  and  Wurster,  1958;  Houssay  and  Penhos,  1960;  Maher 
et  al.,  1967;  Callard  and  Chan,  1972).  However,  some  failed  to  observe  the  expected 
effects  of  corticosteroids  in  other  reptiles  (Gist,  1972,  1978).  Is  this  because 
glucocorticoids  have  different  physiological  functions  in  reptiles  than  those  widely 
known  for  rodents?  In  fishes,  it  is  well  established  that  cortisol  functions  in  salt 
regulation.  Meticulous  studies  on  reptilian  cell  cultures  and  tissues  that  demonstrate 
direct  and  measurable  effects  of  glucocorticoids  on  enzymatic  function  (e.g., 
gluconeogenic  enzymes  in  liver)  are  lacking. 

Relatively  few  studies  of  stress  in  reptiles  have  progressed  past  the  effects  of 
acute  stress  on  plasma  corticosterone.  Effects  of  chronic  stress  are  virtually  unknown. 
The  majority  of  studies  examining  effects  of  ACTH  used  reptiles  injected  with 
mammalian  ACTH.  As  far  as  I know,  no  ACTH  radioimmunoassay  validated  for  reptiles 
exists.  Those  few  studies  that  examine  concentrations  of  protein  hormones  associated 
with  the  HPA  axis  rely  on  assays  (e.g.,  Western  blot,  immunohistochemistry, 
radioimmunoassay)  that  use  mammalian  antibodies.  A real  possibility  of  error  exists 
when  one  assumes  a mammalian  antibody  has  similar  affinity  for  its  native  antigen  as  it 
does  for  the  reptilian  counterpart,  especially  when  few  proteins  associated  with  the  HPA 
axis  have  been  sequenced  for  reptiles. 

It  is  economically  understandable  why  mammalian  antibodies  are  utilized  for 
reptilian  studies,  given  research  priorities  and  funding  oriented  toward  human  and 
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medical  goals.  It  can  be  costly  developing  homologous  assays  for  non-mammalian 
organisms,  so  there  is  pressure  to  utilize  antibodies  (typically  derived  from  mammals) 
already  on  the  market.  However,  I suggest  that  the  majority  of  authors  are  not  cautious 
enough  with  their  conclusions  based  on  metabolite  concentrations  derived  from 
heterologous  assays.  At  the  least,  some  mention  that  values  may  be  inaccurate  due  to  the 
use  of  a heterologous  antibody  should  be  included  in  publications.  This  is  especially 
important  to  note  if  authors  insist  on  making  comparisons  of  actual  hormone  values 
among  studies. 

Although  it  is  obvious  that  corticosterone  is  the  predominant,  stress-induced 
glucocorticoid  in  reptiles,  there  have  been  studies  that  have  failed  to  show  significant 
increases  after  exposure  to  acute  stress  (e.g.,  Cree  et  al.,  2000).  Temperature  affects 
steroid  dynamics,  enzyme  function,  and  metabolism.  The  profound  effects  of  season  and 
temperature  on  reptilian  metabolism  and  reproduction  have  surely  added  complexity  and 
seemingly  conflicting  data  to  the  field  of  reptilian  stress  physiology  that  are  not  obvious 
in  endotherms.  There  has  been  a growing  appreciation  of  this  fact  among  authors,  yet, 
there  are  relatively  few  studies  that  meticulously  analyze  effects  of  temperature  or  season 
or  reproduction  on  steroid  dynamics  and  enzyme/protein  function  associated  with  the 
HPA  axis.  For  example,  on  the  topic  of  steroid  dynamics,  a search  for  data  on  stress  and 
corticosterone-binding  globulin  (CBG;  which  may  be  the  determining  factor  of 
corticosterone  availability)  revealed  only  one  reptilian  study  that  examined  CBG  in 
relation  to  stress-induced  alterations  of  testosterone  in  male  U.  ornatus  (Jennings  et  ah, 


2000). 


22 


There  are  growing  numbers  of  studies  that  test  reciprocal  relationships  between 
stress  and  reproduction  in  reptiles,  but  only  in  a few  species.  Again,  these  focus  on 
trends  among  plasma  levels  of  corticosterone  and  sex  steroids.  These  trends  are 
important  and  interesting,  but  what  do  they  mean  when  studies  aimed  at  determining  the 
precise  function  of  corticosterone  at  the  cellular  and  molecular  level  are  missing? 

Presumably,  functions  of  stress-induced  elevations  of  corticosterone  are  mediated 
by  the  glucocorticoid  receptor.  I was  unable  to  find  a reptilian  study  that  analyzed  GR  in 
response  to  stress,  especially  using  a homologous  assay.  Even  studies  examining  the 
most  basic  of  questions,  such  as,  “Do  the  number  of  GR  differ  among  different  reptilian 
tissues?”  have  not  been  answered.  Not  surprisingly,  the  amino  acid  sequence  of  this 
important  regulatory  protein  does  not  exist  for  reptiles  in  GenBank.  Only  several 
mammals,  a frog,  and  a fish  are  represented.  The  mammalian  literature  has  more  than  a 
1 5-year  head  start  on  studies  examining  the  role  of  GR  during  stress  at  the  cellular  and 
molecular  level.  In  an  age  when  cloning  and  sequencing  is  advancing  toward  a stage  of 
ease  and  cost  effectiveness,  it  is  an  appropriate  time  to  push  towards  a more  molecular 
approach  in  order  to  unveil  the  structure  and  function  of  the  glucocorticoid  receptor  and 
other  important  regulators  of  the  HPA  axis  in  reptiles.  Studies  that  use  homologous 
probes  and  primers  to  assess  the  expression  of  steroid  receptors  and  other  regulatory 
proteins  are  required  in  order  to  determine  effects  of  stress  at  the  molecular  level  and. 
thus,  determine  the  function  of  stress  hormones  on  reptilian  physiology. 

Outline 

This  dissertation  first  tested  several  stereotypic  aspects  of  the  HPA  axis  in 
response  to  acute  stress  in  two  reptilian  species  from  different  orders  and  adapted  to  very 
different  environments  (marine  versus  freshwater  habitats).  The  American  alligator  was 
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then  selected  as  a preferable  species  for  a more  in  depth  study  of  effects  of  chronic  stress 
on  various  metabolic  and  molecular  facets.  Partial  cloning  of  the  alligator  and  chicken 
GR  was  conducted  for  amino  acid  sequence  comparison  and  to  develop  homologous 
probe  and  primers  for  determination  of  alligator  kidney  GR  mRNA  concentrations  in 
juvenile  alligators  exposed  to  chronic,  hyperosmotic  stress.  Finally,  a preliminary  study 
examined  whether  a mammalian  antibody  could  be  used  for  alligator  GR  protein  analyses 
via  Western  blot. 

There  are  a variety  of  reasons  that  the  American  alligator  is  an  exceptionally 
useful  species  for  studies  on  stress  physiology:  (1)  it  is  large,  allowing  for  easy  repeated 
blood  sampling  and  relatively  high  volumes  of  plasma  for  analyses  of  multiple 
metabolites  from  a single  sample;  (2)  there  are  relatively  more  data  on  alligators  than 
most  other  reptilian  species,  providing  a stronger  foundation  for  comparative  work;  (3)  it 
is  relatively  accessible  due  to  large  captive  and  wild  populations  and  ease  of  obtaining 
many  individuals  from  one  nest;  (4)  the  profound  effects  of  temperature  on  alligator 
metabolism  and  sex  determination  provide  for  a wide  arena  of  factors  that  can  affect  the 
HPA  axis;  (5)  the  ancestral  relationship  with  birds  makes  it  a most  interesting  system  for 
evolutionary  comparisons  of  stress  responses  between  an  ectotherm  and  endotherm;  (6)  it 
is  one  of  the  few  crocodilians  not  threatened  or  endangered,  and  information  on  alligator 
stress  physiology  may  contribute  substantially  to  conservation  and  management  of  other 
crocodilian  species. 

To  determine  whether  wild,  free  ranging  Kemp’s  ridley  sea  turtles  respond  to 
acute  stress  with  elevated  plasma  corticosterone  and  hyperglycemia,  Chapter  2:  “Stress 
responses  and  sexing  of  wild  Kemp’s  ridley  sea  turtles  in  the  northeastern  Gulf  of 
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Mexico  examined  plasma  corticosterone  and  glucose  during  capture  and  serial  bleeding. 
Plasma  testosterone  concentrations  were  also  determined  to  examine  whether  acute  stress 
can  alter  sex  predictions  based  on  plasma  steroids,. 

To  further  describe  the  pattern  of  stress-induced  elevations  of  plasma 
corticosterone  and  glucose  in  juvenile  alligators,  Chapter  3:  “Stress  responses  and 
circadian  variation  of  plasma  corticosterone,  glucose,  and  aldosterone  in  juvenile 
American  alligators  examined  effects  of  acute  serial  bleeding  on  the  magnitude  of  the 
adrenocortical  response.  This  study  also  tested  whether  physiological  and  psychological 
stressors  have  an  additive  effect  on  the  adrenocortical  response.  Circadian  variations  in 
plasma  corticosterone,  glucose,  and  aldosterone  were  also  determined  to  control  for 
effects  of  time  of  day  in  another  study. 

To  develop  homologous  probe  and  primers  for  real-time  PCR  analysis  of  alligator 
GR  mRNA,  Chapter  4:  “Cloning  and  sequencing  a fragment  of  alligator  and  chicken  GR 
cDNA.  sequence  comparisons  among  other  vertebrates”  determined  the  sequence  of  a 
fragment  of  alligator  GR.  Analyses  of  amino  acid  homologies  were  made  among 
published  sequences  to  test  the  sister  relationship  between  alligator  and  chicken. 

To  determine  effects  of  chronic,  hyperosmotic  stress,  Chapter  5:  “Chronic 
saltwater  stress  in  juvenile,  female  alligators  {Alligator  mississippiensis )”  examined 
weekly  plasma  concentrations  of  corticosterone,  glucose,  and  aldosterone,  and  urinary 
levels  of  sodium  and  potassium  in  response  to  three  weeks  of  saltwater  exposure, 
followed  by  a two-week  recovery  period.  Kidney  GR  mRNA  concentrations  were  also 
analyzed  by  real-time  PCR  to  determine  if  stress-induced  elevations  of  corticosterone 
down-regulate  their  receptor  as  shown  in  the  rodent  system. 
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Chapter  6:  “Can  a mammalian  antibody  detect  alligator  glucocorticoid  receptors 
using  Western  blot?”  examined  the  use  of  Western  blot  and  a mammalian  antibody  for 
detecting  alligator  GR  protein.  Several  tissues  were  examined  and  banding  patterns  were 
compared  to  mouse  tissues. 

Finally,  Chapter  7:  “Summary  and  Conclusions”  summarized  major  findings  and 
general  conclusions  of  this  work.  Suggestions  for  future  research  are  presented  as  well  as 
questions  resulting  from  this  research. 
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Figure  1.1:  A schematic  of  the  hypothalamic-pituitary-adrenal  axis.  Dashed  lines 
indicate  poorly  understood  or  unknown  mechanisms.  Inhibitory  and  stimulatory  actions 
are  indicated  by  (-)  and  (+),  respectively.  PVN,  periventricular  nucleus;  ME,  median 
eminence;  CRH,  corticotropin  releasing  hormone;  AVT,  arginine  vasopressin;  POMC, 
proopiomelanocortin;  ACTH,  adrenocorticotropin;  med,  medulla;  ctx,  cortex. 
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Figure  1.2:  Steroidogenesis  of  the  glucocorticoids,  cortisol  and  corticosterone  (zona 
fasciculata),  and  the  mineralocorticoid,  aldosterone  (zona  glomerulosa),  in  adrenal  cortex. 
Adapted  from  Hubbart  et  al.  (1986). 
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Figure  1.3:  Simplified  model  of  glucococorticoid  receptor  (GR)-mediated  transcriptional 
modulation.  Binding  of  glucocorticoids  to  the  GR  causes  the  receptor  complex  to 
dissociate.  Activated  GR  is  then  translocated  to  the  nucleus  where  it  can  alter 
transcription  by  either  binding  to  glucocorticoid  response  elements  in  the  regulatory 
region  of  target  genes,  or  by  interacting  with  other  transcription  factors  (e.g.,  c-Jun,  Fos; 
Bamberger  et  al.,  1996).  Hsp  90,  heat  shock  protein. 


CHAPTER  2 

STRESS  RESPONSES  AND  SEXING  OF  WILD  KEMP'S  RIDLEY  SEA 
TURTLES  IN  THE  NORTHEASTERN  GULF  OF  MEXICO 

Introduction 

Stress-induced  elevations  of  the  adrenocortical  steroid,  corticosterone,  have  been 
demonstrated  in  a variety  of  reptiles  (Elsey  et  al.,  1990a;  Mahapatra  et  ah,  1991;  Moore 
et  ah,  1991;  Grassman  and  Hess,  1992;  Lance,  1994).  Recent  efforts  have  shown  that  the 
hypothalamic-pituitary-adrenal  (HP A)  axis  of  wild,  immature  loggerhead  ( Caretta 
caretta;  Gregory  et  ah,  1996)  and  green  ( Chelonia  mydas;  Aguirre  et  ah,  1995)  sea  turtles 
is  sensitive  to  stress  as  indicated  by  elevated  plasma  corticosterone  concentrations. 

Effects  of  stress  on  the  HPA  axis  were  also  demonstrated  for  Kemp's  ridley  turtles 
(■ Lepidochelys  kempii,  Varlverde  et  ah,  1996),  although  actual  corticosterone  values  were 
not  given. 

It  is  well  established  that  hyperglycemia  occurs  in  mammals  under  conditions  of 
stress  (Mizock,  1995).  Stress  enhances  catecholamine  secretion  from  the  adrenal  medulla 
and  sympathetic  nerve  endings.  Epinephrine,  in  particular,  raises  plasma  glucose  levels 
by  stimulating  hepatic  glycogenolysis  and  gluconeogenesis,  and  interfering  with 
peripheral  tissue  glucose  transport  (Yamada  et  ah,  1993).  Stress-induced  hyperglycemia 
is  largely  uninvestigated  in  reptiles.  One  study  demonstrated  increased  plasma  glucose 
concentrations  in  response  to  acute  handling  stress  in  wild,  juvenile  green  turtles  (Aguirre 
etah,  1995). 
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Acute  handling  stress  has  been  associated  with  suppression  of  plasma  testosterone 
(T)  concentrations  in  adult,  male  reptiles.  For  example,  tree  lizards  ( Urosaurus  ornatus; 
Moore  et  al.,  1991)  and  alligators  ( Alligator  mississippiensis\  Lance  and  Elsey,  1986) 
exibited  significant  reductions  in  plasma  testosterone  concentrations  after  fout  hours  of 
captivity.  However,  immature  loggerhead  (Wibbels  et  ah,  1987)  and  Kemp’s  ridley 
(Owens,  1997)  turtles  have  demonstrated  both  elevations  and  reductions  of  plasma 
testosterone  after  capture. 

Immature  sea  turtles  are  sexually  monomorphic,  and  sex  identification  based  on 
external  features  is  not  possible.  An  accurate,  non-invasive  sexing  technique  is  highly 
desirable  for  sea  turtle  conservation  and  management  purposes.  Since  the  1970's, 
relatively  high  plasma  T concentrations  have  been  used  to  determine  the  sex  of  juvenile 
sea  turtles  (Owens  et  ah,  1978;  Wibbels  et  ah,  1987).  Recently,  sexing  criteria  for 
Kemp's  ridley  turtles  were  developed  using  plasma  T concentrations  and  verified  by 
laparoscopic  examination  of  the  gonads  (Coyne  and  Landry,  2000). 

Relatively  few  data  exist  on  stress  responses  in  wild  populations  of  ectothermic 
vertebrates.  The  objective  of  this  study  was  to  determine  the  effects  of  acute  handling 
stress  (defined  here  as  the  stress  of  capture,  repeated  bleeding,  and  restraint  up  to  one 
hour)  on  plasma  concentrations  of  corticosterone,  glucose,  and  testosterone  in  wild, 
immature  Kemp's  ridley  turtles.  In  addition,  initial  testosterone  concentrations  will  be 
used  for  sex  identification,  and  the  sex  ratio  of  the  sample  population  will  be  determined. 
To  my  knowledge,  no  other  published  study  has  reported  values  for  stress-induced 
elevations  of  corticosterone  or  glucose  for  wild  Kemp's  ridley  turtles.  These  data  provide 
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valuable  information  for  comparative  analyses  of  the  vertebrate  stress  response  and  will 
give  insight  into  the  endocrinology  of  the  most  endangered  species  of  sea  turtles. 

Hypotheses  and  Predictions 

This  study  tests  the  hypothesis  that  acute  stress  will  affect  plasma  corticosterone 
and  glucose  concentrations  in  L.  kempii.  Capture,  repeated  bleeding,  and  restraint  for  one 
hour  (acute  captivity  stress)  will  activate  the  HPA  axis  and  increase  plasma 
corticosterone.  In  addition,  a stress-induced  hyperglycemic  response  is  expected. 

The  hypothesis  that  stress  affects  reproductive  steroids  such  as  testosterone  will 
also  be  tested.  Published  literature  indicates  that  a stress-induced  suppression  of 
testosterone  is  known  only  in  adult,  male  reptiles.  Mixed  effects  of  stress  on  testosterone 
levels  have  been  demonstrated  for  immature  turtles.  Although  alterations  in  individual 
animals  are  expected,  no  significant,  overall  trend  in  the  variation  of  plasma  testosterone 
is  expected  in  immature  turtles  in  this  study. 

This  study  tests  the  hypothesis  that  the  gender  of  L.  kempii  affects  basal  levels  of 
testosterone.  A bimodal  distribution  of  initial  testosterone  concentrations  is  expected 
with  high  and  low  levels  representing  male  and  female,  respectively  . If  the  Cedar  Key 
population  of  turtles  is  similar  to  the  population  in  the  northwestern  Gulf  of  Mexico,  then 
no  significant  bias  in  sex  ratio  is  expected  (1F:1M). 

Materials  and  Methods 

Animals 

Entanglement  nets  were  used  to  capture  Kemp's  ridley  turtles  near  the  Cedar 
Keys,  Florida,  from  May  to  November  1992.  Detailed  descriptions  of  the  study  site  and 
capture  techniques  are  provided  by  Schmid  (1998)  and  Gregory  et  al.  (1996).  Nets  were 
constantly  monitored  and  turtles  were  retrieved  immediately  after  surfacing.  Initial  blood 
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samples,  arbitrarily  designated  "Time  zero"  (T-0;  n = 39),  were  collected  within  15  min 
of  sighting  the  turtles  in  the  net.  Samples  (3  ml)  were  collected  from  the  dorsal  cervical 
sinus  using  20  gauge  needles  and  placed  in  sterile,  sodium-heparinized  vacuum  tubes. 
Additional  blood  samples  were  taken  at  30  min  (T-30;  n = 15)  and  60  min  (T-60;  n = 29). 
Only  one  or  two  samples  were  taken  from  turtles  < 40  cm  minimum  straight-line 
carapace  length  (MSCL;  Pritchard  et  al.,  1983)  to  protect  the  smaller  animals  from  the 
possible  negative  effects  of  hemodilution.  Some  turtles  were  released  prior  to  a T-60 
sample  owing  to  inclement  weather.  Turtles  were  kept  inverted  on  their  carapaces  and  in 
the  shade  between  sample  collections.  Blood  samples  were  centrifuged  (1200g)  for  5 
min  immediately  after  collection.  Plasma  was  transferred  into  cryovials,  frozen  in  liquid 
nitrogen  within  1 5 min  of  sampling,  and  stored  at  -70  C until  assayed.  After  blood 
sampling,  turtles  were  measured,  tagged,  and  photographed  as  described  by  Schmid 
(1998).  Tail  measurements  were  made  with  a flexible  fiberglass  measuring  tape  from  the 
posterior  margin  of  the  plastron  to  tip  of  the  tail  (PT)  and  from  the  posterior  margin  of  the 
plastron  to  mid-cloaca  (PC).  The  care  and  experimental  use  of  animals  were  within 
institutional  guidelines  and  approved  by  the  institutional  animal  care  and  use  committee. 
Sample  Analyses 

Plasma  samples  from  L.  kempii  were  analyzed  for  corticosterone  using  a standard 
radioimmunoassay  (RIA)  similar  to  one  developed  for  Caretta  caretta  (Gregory  et  al. , 
1996).  Antiserum  (#07-120016,  lot  #3R3-PB)  and  tritium-labeled  corticosterone  were 
purchased  from  ICN  Biomedicals  (Costa  Mesa,  CA).  Minimum  detectable  limit  was  12 
pg/ml.  Values  were  determined  by  a cubic  spline  model  using  a program  supplied  by 
Beckman  Inc.  (EIARIA  Curve  Fit  Program).  All  samples  (200  pi)  were  extracted  twice 
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prior  to  RIA  analyses  (extraction  efficiency  = 86  ± 6%).  Standard  curves  were  prepared 
with  known  amounts  of  radioinert  corticosterone  (0,  0.31,  0.62,  1.25,  2.50,  5,  10,  20,  40, 
80  ng/ml)  purchased  from  Amersham  Corp.  (Arlington  Heights,  IL).  Final 
characterization  of  the  assay  involved  measurement  of  known  amount  of  radioinert 
corticosterone  ( 0,  0.31,  0.62,  1.25,  2.5,  5,  10,  20,  40,  80  ng/ml)  in  50  pi  charcoal-stripped 
plasma  [Y  = 0.61 5X  + 0.980;  Y = amount  of  corticosterone  measured  (ng/ml);  X = 

amount  of  corticosterone  added  (ng/ml);  R~  = 0.965].  Inter-  and  intra-assay  coefficients 
of  variation  were  12.4  and  7.5%,  respectively. 

The  testosterone  RIA  procedure  was  identical  to  one  developed  for  olive  ridley 
sea  turtles,  L.  olivacea  (Valverde,  1996).  Inter-  and  intra-assay  coefficients  of  variation 
were  8.5  and  6.5  %,  respectively.  Coyne  and  Landry  (2000)  developed  sexing  criteria  for 
Kemp's  ridley  sea  turtles  captured  by  tangle  net  at  Sabine  Pass,  TX  using  initial  T 
concentrations  (N>  80  verified  by  laparoscopy;  Coyne,  pers.  com.).  Turtles  with  T 
concentrations  below  12  pg/ml  were  classified  as  female  and  those  above  18  pg/ml  were 
classified  male.  Turtles  with  T concentrations  between  these  criteria  were  classified  as 
indeterminant.  These  criteria  were  applied  to  the  T-0  samples  collected  in  the  present 
study,  but  sex  was  not  verified  by  laparoscopic  examination. 

A Glucose  LiquiColor  enzymatic-colorimetric  test  (procedure  # 1070)  from 
STANBIO  Laboratory,  Inc.  (San  Antonio,  TX)  was  used  to  determine  plasma  glucose 
concentrations.  Values  were  determined  by  a linear  model  using  a program  supplied  by 
BIO-RAD  Microplate  Manager  (Hercules,  CA).  Standard  curves  were  prepared  with 
known  amounts  of  glucose  (0,  25,  50,  100  and  200  mg/dL)  in  distilled  water  [Y  = 

533.333x  + 7.989;  Y = amount  of  glucose  measured  (mg/dL);  X = absorbance;  R^  = 
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0.989],  Plasma  samples  (0.01  ml)  or  standards  (0.01  ml)  were  mixed  with  glucose 
oxidase  reagent  (1.0  ml)  and  incubated  at  room  temperature  for  20  min.  Sample  and 
standard  aliquots  (250  pi)  were  transferred  in  duplicate  to  a microplate  and  their 
absorbance  was  determined  (k  = 480  nm).  Inter-  and  intra-assay  coefficients  of  variation 
were  6.2  and  2.5%,  respectively. 

Statistics 

Statistical  analyses  were  performed  using  the  SuperANOVA  general  linear 
modeling  program  (Abacus  Concepts,  1991).  Corticosterone,  testosterone,  and  glucose 
concentrations  (ng/ml,  pg/ml,  and  mg/dL,  respectively)  were  log  transformed  to  obtain 
homogeneity  of  variance.  All  reported  probability  values  were  obtained  from  log 
transformed  data.  All  reported  graphs  and  mean  values  (mean  ± SE)  were  obtained  from 
raw  data.  Statistical  significance  was  accepted  at  P < 0.05. 

Data  from  serial  samples  were  subjected  to  repeated  measures  analyses  of 
variance  (ANOVA).  Mean  comparison  contrasts  were  performed  and  the  P value  for 
each  contrast  was  multiplied  by  the  number  of  comparisons  made  (Bonferroni;  Jandel 
Scientific,  1994).  The  effect  of  number  of  blood  samples  on  T-60  corticosterone 
concentrations  was  determined  by  an  analysis  of  covariance  (ANCOVA)  with  MSCL  as 
the  covariate.  A Chi-Square  test  was  used  to  detect  a significant  difference  from  a 
predicted  sex  ratio  of  1F:1M.  Linear  regressions  were  performed  among  initial  hormone 
concentrations  and  MSCL  to  detect  any  associations. 

Results 

Plasma  corticosterone  concentrations  ranged  from  0.03  ng/ml  (sampled  at  T-0 
with  MSCL  = 44.5  cm)  to  82.87  ng/ml  (sampled  at  T-60  with  MSCL  = 32.3  cm).  Mean 
corticosterone  concentrations  for  Kemp's  ridley  turtle  plasma  samples  increased  over 
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time  (P  = 0.0001;  Fig.  2.1A).  Values  at  T-30  (13.08  ± 3.53  ng/ml)  and  T-60  (24.68  ± 

3.65  ng/ml)  were  significantly  higher  (P  = 0.0003)  than  mean  corticosterone 
concentrations  at  T-0  (6.16  ± 2.31  ng/ml).  Corticosterone  concentrations  were  higher  in 
turtles  sampled  twice  than  those  sampled  three  times  (P  = 0.0339;  Table  2.1).  Due  to  our 
sampling  protocol,  however,  mean  MSCL  was  significantly  higher  in  turtles  sampled 
three  times  (P  = 0.0032;  Table  2.1)  and  accounted  for  the  variation  due  to  number  of 
samples. 

Glucose  levels  ranged  from  41.30  mg/dL  (sampled  at  T-0  with  MSCL  = 35.1  cm) 
to  175.10  mg/dL  (sampled  at  T-0  with  MSCL  = 35.1  cm).  A gradual  but  significant 
increase  was  also  observed  for  mean  glucose  concentrations  over  time  (P  = 0.0007;  Fig 
2. IB).  The  mean  value  at  T-60  (106.43  ± 4.82  mg/dL)  was  significantly  higher  than  that 
at  T-0  (94.41  ± 3.78  mg/dL).  No  significant  difference  occurred  between  mean  values  of 
plasma  glucose  at  T-0  and  T-30  (101.49  ± 5.89  mg/dL). 

Mean  testosterone  concentrations  did  not  vary  significantly  over  time  (P  > 0.68; 
Fig.  2. 1C).  A high  degree  of  individual  variability  was  observed  with  T levels  increasing 
in  55%  of  the  turtles  and  decreasing  in  45%  by  T-60.  Initial  T concentrations  produced  a 

sex  ratio  of  1.8F:1.0M  (Fig.  2.2)  that  was  not  significantly  different  from  1F:1M  (X^  = 
2.78,  d.f.  = 1,  p = 0.0956).  Furthermore,  there  was  no  significant  bias  in  the  sex  ratios  of 

turtles  < 40  cm  MSCL  (9F:3M,  X2  = 3.00,  d.f.  = 1,  P = 0.0833)  and  > 40  cm  (14F:10M, 

= 0.67,  d.f.  = 1,  P = 0.4142).  The  changes  in  T concentration  over  time  did  not 
reclassify  the  sex  of  turtles  at  T-60.  However,  two  indeterminants  could  be  reclassifed  as 
females  when  using  T values  at  T-30. 
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T concentrations  for  predicted  males  ranged  from  20.6  pg/ml  (sampled  at  T-0, 
with  MSCL  = 35.1  cm)  to  427.0  pg/ml  (sampled  at  T-0  with  MSCL  = 43.7  cm)  and  for 
predicted  females  ranged  from  2.0  pg/ml  (sampled  at  T-30  with  MSCL  = 41.1  cm)  to 
10.5  pg/ml  (sampled  at  T-0  with  MSCL  = 50.8  cm).  Males  with  carapace  lengths  37-45 
cm  exhibited  relatively  high  T levels  (84-427  pg/mL;  Fig.  2.2).  Predicted  females 
exhibited  increasing  T concentrations  with  increasing  carapace  length  (P  = 0.0345). 

Mean  MSCL  of  females  (42.7  ± 1.4  cm)  did  not  differ  significantly  from  mean 
MSCL  of  males  (42.3  ± 1 .7  cm).  There  was  no  significant  difference  (t  = -1 .49,  P = 
0.0722)  in  PT  length  between  predicted  males  (9.73  ± 0.29  cm)  and  females  (8.65  ± 

0.46).  However,  mean  PC  length  for  predicted  males  (6.39  ± 0.37  cm)  was  significantly 
larger  (t  = -1 .81 , P = 0.0394)  than  that  of  predicted  females  (5.52  ± 0.29  cm). 

During  the  present  study,  water  temperature  increased  from  27°  C in  May  to  30° 

C in  June  through  August,  peaked  at  31°  C in  early  September,  and  decreased  to  24°  C by 
the  end  of  October.  No  significant  correlations  were  observed  between  month  and  initial 
corticosterone,  glucose,  or  T concentrations.  Furthermore,  no  significant  correlations 
were  detected  among  corticosterone,  glucose,  T,  and  MSCL. 

Discussion 

This  study  demonstrates  that  the  HPA  axis  of  wild,  immature  Kemp's  ridley 
turtles  is  sensitive  to  acute  handling  stress  as  indicated  by  significant  increases  of  plasma 
corticosterone  concentrations  over  time.  Twenty-seven  of  29  animals  experienced 
elevations  of  corticosterone  with  several  individuals  exhibiting  increases  of  over  15-fold 
higher  than  initial  levels  after  60  minutes  of  captivity.  Stress-induced  elevations  of 
corticosterone  have  been  observed  in  wild,  immature  and  adult  loggerhead  (Gregory  et 
al.,  1996),  immature  green  (Aguirre  et  al.,  1995),  and  adult  olive  ridley  sea  turtles 
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(Lepidochelys  oli\acea\  Valverde,  1996).  Initial  mean  corticosterone  concentrations  of 
Kemp's  ridley  turtles  in  the  present  study  were  at  least  8-fold  higher  than  those  of  other 
species.  Two  turtles  had  initial  values  over  three  standard  deviations  from  the  mean 
(43.08  and  80.85  ng/ml).  I speculate  that  these  individuals  may  have  been  stressed  before 
the  initial  blood  sample,  especially  since  the  animal  with  the  highest  level  was  the  only 
turtle  to  exhibit  a decrease  in  corticosterone  over  time.  Excluding  these  two  initial  values 
resulted  in  a lower  initial  mean  concentration  of  3.14  ± 0.68  ng/ml,  which  may  be  more 
indicative  of  baseline  for  wild,  immature  Kemp's  ridley  sea  turtles.  Nevertheless,  an 
interspecific  difference  was  observed,  as  this  value  is  5.7  fold  greater  than  the  mean 
initial  corticosterone  value  of  wild,  immature  loggerheads  collected  by  the  same  capture 
technique,  during  the  same  year,  and  in  the  same  location  (Gregory  et  al.,  1996). 

Kemp's  ridley  and  loggerhead  turtles  exhibited  behavioral  differences  during  the 
study.  Kemp's  ridley  turtles  were  more  active,  often  demonstrating  bursts  of  flipper 
movements  while  turned  and  attempting  to  bite  researchers  when  handled.  These 
behaviors  were  observed  to  a much  lesser  degree  in  loggerhead  turtles.  Several  green 
turtles  captured  during  the  course  of  the  study  were  even  more  subdued.  These 
interspecies  differences  in  behavior  are  noted  in  a classic  publication  by  Carr  (1942): 
"While  captured  loggerheads  and  green  turtles  may  be  handled  with  comparative  (the 
latter  with  complete)  impunity,  the  ridley  exhibits  almost  hysterical  violence  and 
obstinacy  when  caught".  Glucocorticoids  are  thought  to  influence  behavior  in  several 
species  of  reptiles,  although  studies  focus  on  adult  males  (Schuett  et  al.,  1996;  Knapp  and 
Moore,  1997).  It  is  possible  that  the  relatively  high  mean,  initial  corticosterone  value 
observed  in  Kemp's  ridley  turtles  may  have  some  functional  significance  and  perhaps  is 
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associated  with  this  species’  higher  level  of  aggression,  but  correlations  between 
glucocorticoid  levels  and  behavior  among  sea  turtle  species  are  untested.  Additionally, 
the  elevated  values  observed  for  Kemp's  ridley  turtles  might  make  this  species  more 
susceptible  to  stress-induced  mortality,  such  as  incidental  capture  in  commercial 
fisheries. 

It  was  expected  that  Kemp’s  ridley  turtles  sampled  three  times  would  experience 
higher  corticosterone  levels  than  those  sampled  twice  due  to  repeated  handling  and 
possible  hemodilution.  However,  corticosterone  concentrations  were  significantly  higher 
in  smaller  turtles  sampled  twice.  These  data  indicate  a size  effect  on  stress-induced 
elevations  of  corticosterone  in  immature  Kemp's  ridley  turtles.  Whether  this  effect  of 
size  is  due  to  higher  metabolic  rates  of  smaller  animals  or  some  other  aspect  of  the  HPA 
response  is  not  known.  One  published  study  demonstrated  higher  corticosterone  levels  in 
small  versus  large  loggerhead  sea  turtles,  but  the  variation  was  thought  to  be  associated 
with  reproductive  condition  and  not  metabolic  rates  (Gregory  et  al.,  1996).  Further 
studies  of  size  effects  on  stress-induced  elevations  of  corticosterone  in  reptiles  are 
required  to  clarify  these  data. 

This  is  the  first  study  to  demonstrate  a hyperglycemic  response  to  acute  handling 
stress  in  wild,  immature  Kemp's  ridley  turtles.  Stress-induced  hyperglycemia  has  been 
observed  in  immature  green  turtles  (Aguirre  et  al.,  1995)  and  mean  glucose  values  from 
the  present  study  were  comparable  to  those  observed  for  immature  green  turtles. 
However,  mean  initial  glucose  for  nesting  Olive  ridley  turtles  were  over  30  mg/dL  lower 
(Valverde,  1996)  than  reported  presently  for  Kemp's  ridley  turtles.  In  addition,  a 
decrease  in  plasma  glucose  concentrations  was  observed  in  nesting  Olive  ridley  turtles 
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after  one  hour  of  turning  stress  (Valverde,  1996).  Thus,  it  would  seem  that  reproduction 
or  size  class  may  be  factors  affecting  stress-induced  responses  of  glucose  in  sea  turtles. 

The  hypothalamus-pituitary-gonadal  (HPG)  axis  seems  to  respond  in  a highly 
complex  manner  as  no  general  trend  was  observed  in  the  response  of  plasma  T 
concentrations  to  handling  stress  (i.e.,  T concentrations  increased  over  time  in  some 
predicted  males  and  females  and  decreased  in  others).  Owens  (1997),  citing  unpublished 
work  of  Coyne  and  Landry,  indicated  that  initial  blood  samples  predict  sex  well  in 
immature  Kemp's  ridley  turtles,  but  subsequent  samples  collected  over  several  hours 
showed  increased  variability.  He  suggested  that  handling  stress  may  alter  plasma  T 
concentrations.  The  results  of  the  present  study  also  demonstrated  individual  alterations 
of  plasma  T concentrations,  presumably  associated  with  acute  stress-induced  elevations 
of  corticosterone.  Most  studies  demonstrating  that  corticosterone  and  T are  negatively 
correlated  focus  on  effects  of  chronic  stress  on  adult  male  reptiles.  I propose  that 
maturity  status  and  the  duration  of  exposure  to  stress  may  be  factors  in  determining 
whether  corticosterone  will  have  suppressive  effects  on  plasma  T during  stress.  In 
addition,  studies  show  that  reptilian  adrenal  glands  can  secrete  significant  levels  of  T 
(Manzo  et  al.,  1994).  Often,  it  is  assumed  that  the  plasma  T being  measured  is  of  gonadal 
origin.  This  assumption  may  not  be  applicable  to  immature  reptiles. 

Since  the  1970's,  plasma  T concentrations  have  been  used  to  distinguish  immature 
male  from  female  sea  turtles.  However,  care  should  be  taken  when  utilizing  absolute 
values  of  plasma  hormones  to  predict  sex.  Studies  have  indicated  that  plasma  T 
concentrations  can  be  highly  variable  and  thus  questionable  in  sexing  turtles  (Schroeder 
and  Owens,  1994;  Gregory,  1994;  Braun-McNeill  et  al.,  1996).  The  T values  used  to 
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distinguish  male  from  female  also  differ  within  species  at  different  research  sites 
(reviewed  in  Owens,  1997).  This  would  indicate  a possible  location  effect  and  would 
require  validation  of  sex  by  laparoscopy  every  time  a new  research  site  is  utilized.  In 
addition,  a very  small  range  of  T concentration  (e.g.,  10  pg/ml)  separates  many  of  the 
male-female  sexing  criterion.  Any  slight  variation  in  physiological  levels  of  T or 
radioimmunoassay  procedures  could  lead  to  false  results.  A ratio  of  estradiol  to  T (E/T) 
was  found  to  be  more  accurate  at  predicting  sex  in  hatchling  loggerhead  turtles  than 
either  hormone  alone  (Gross  et  al.,  1995).  However,  E/T  ratios  need  to  be  validated  for 
different  size  classes  and  species  before  determining  whether  it  is  more  accurate  than  T 
concentrations  alone. 

Sex  ratio  is  a vital  component  for  modeling  the  demographics  of  endangered 
species  and  information  has  been  accumulating  on  the  sex  of  immature  Kemp's  ridley 
turtles  in  the  wild  (Owens  1997).  Danton  and  Prescott  (1988)  reported  a sex  ratio  of 
1.4F:1M  for  juvenile  Kemp’s  ridley  turtles  stranded  in  Cape  Cod  Bay,  Massachusetts. 
Morreale  et  al.  (1992)  noted  a 2F:1M  ratio  for  cold-stunned  turtles  in  Long  Island  Sound, 
New  York.  Standings  of  wild  Kemp’s  ridleys  in  Texas  have  yielded  ratios  of  1 F:  1 ,8M 
on  the  lower  coast  (Shaver  1991)  and  3F:1M  on  the  upper  coast  (Stabenau  et  al.,  1996  ). 
Coyne  and  Landry  (2000)  used  laparoscopy  and  plasma  T to  sex  wild  turtles  («=179) 
captured  in  the  northwestern  Gulf  of  Mexico  and  detected  no  significant  bias  in  sex  ratio 
( 1 . 1 F:  1 .0M).  Comparably,  the  results  of  our  RI A analysis  in  the  northeastern  Gulf  of 
Mexico  found  no  significant  departure  from  a ratio  of  1F:1M,  although  there  were  almost 
twice  as  many  predicted  females  as  predicted  males.  Larger  sample  sizes  are  required  for 
a more  accurate  assessment  of  sex  ratio  in  the  latter  population  of  Kemp’s  ridley. 
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The  relatively  higher  initial  T levels  observed  in  male  Kemp's  ridley  turtles  with 
MSCL  > 37  cm  suggest  that  the  testis  may  be  maturing  at  this  size  class.  Coyne  and 
Landry  (2000)  observed  a similar  pattern  in  their  sample  of  wild  Kemp's  ridley  turtles. 
The  significant,  positive  correlation  between  testosterone  and  female  carapace  length  in 
the  present  study  may  also  indicate  maturation  of  ovaries.  Carr  and  Caldwell  (1956) 
observed  follicles  the  size  of  "b-b  shot"  in  Kemp's  ridley  females  as  small  as  50  cm 
converted  MSCL  (Schmid,  1998).  Coyne  and  Landry  (2000)  suggested  redefining 
Ogren's  (1989)  developmental  stages  in  terms  of  the  physiological  data.  Owens  (1997) 
equates  the  subadult  stage  of  marine  turtle  development  with  the  period  of  pubertal 
changes.  If  indeed  these  hormone  data  reflect  gonadal  maturation,  I concur  with  these 
authors  and  suggest  the  following  modifications  to  Ogren's  (1989)  size  classes:  pelagic 
juvenile  (5-19  cm),  coastal-benthic  juvenile  (20-39  cm),  coastal-benthic  subadult  (40-59 
cm),  and  coastal-benthic  adult  (>  60  cm). 

Tail  length  is  the  major  secondary  sexual  characteristic  for  mature  sea  turtles. 

The  adult  male  has  a longer,  thicker  tail  with  a more  distally  located  cloaca,  but  the 
relationship  of  tail  length  to  sex  is  not  known  for  immature  turtles  (Pritchard  et  al.,  1983). 
The  Kemp's  ridley  turtles  of  the  present  study  did  not  express  the  dimorphic 
characteristics  of  total  tail  length,  but  predicted  males  did  exhibit  a significantly  greater 
distance  between  the  plastron  and  cloaca  (more  distally  located).  While  this  subtle 
difference  between  predicted  sexes  is  not  practical  for  sexing  immature  turtles,  it  does 
suggest  that  morphological  differentiation  between  sexes  may  begin  prior  to  maturation. 


42 


Table  2. 1 : Mean  plasma  corticosterone  concentrations  for  Kemp’s  ridley  turtles  after  60 
min  of  captivity  show  higher  adrenocortical  response  for  smaller  animals. 


Number  of 

Mean  Plasma  Corticosterone 

Mean 

Bleedings 

n 

T-0 

T-60 

Carapace  Length 

2 

14 

2.34  ng/ml 

3 1 .24  ng/ml 

39.7  cm 

(±0.71) 

(±  5.50) 

(±1.9) 

3 

15 

4.1 1 ng/ml 

18.55  ng/ml 

47.0  cm 

(±  1.85) 

(±  4.45) 

(±1.3) 
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Figure  2.1 : Mean  (±  SEM)  plasma  concentrations  of  (A)  corticosterone,  (B)  glucose,  and 
(C)  testosterone  in  Kemp's  ridley  turtles  over  time.  Repeated  measures  ANOVA 
demonstrated  significant  elevations  of  corticosterone  and  glucose  but  not  testosterone  due 
to  high  individual  variability. 
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Figure  2.2:  Initial  plasma  testosterone  concentrations  for  immature  Kemp's  ridley  turtles 
showing  predicted  males  and  females.  The  y-axis  was  log  transformed  to  better  visualize 
the  data.  Numbers  in  parentheses  indicate  sample  size. 


CHAPTER  3 

STRESS  RESPONSES  AND  CIRCADIAN  VARIATION  OF  PLASMA 
CORTICOSTERONE,  GLUCOSE,  AND  ALDOSTERONE 
IN  JUVENILE  AMERICAN  ALLIGATORS 

Introduction 

Perhaps  the  most  significant  endocrine  reaction  of  the  biological  stress  response  is 
the  increased  synthesis  of  the  glucocorticoids,  cortisol  and  corticosterone.  Synthesis  of 
glucocorticoids  occurs  in  the  adrenal  glands  and  is  stimulated  by  the  release  of 
adrenocorticotropin  (ACTH)  from  the  anterior  pituitary.  ACTH  is  in  turn  regulated  by 
the  release  of  corticosteroid-releasing  hormone  (CRH)  synthesized  by  the  paraventricular 
nucleus  of  the  hypothalamus.  These  “stress  hormones”  increase  in  response  to  nearly  any 
type  of  stress  (e.g.,  crowding,  capture,  heat,  noise)  and  have  been  widely  used  as  indices 
of  stress  in  vertebrates  (Axelrod  and  Reisine,  1984;  Greenberg  and  Wingfield,  1987). 

Relative  concentrations  of  plasma  glucocorticoids  differ  among  vertebrate  classes 
with  corticosterone  primarily  secreted  in  amphibians,  reptiles,  and  birds  and  cortisol  in 
fish  and  most  mammals  (rodents  secrete  primarily  corticosterone).  There  are  thousands 
of  publications  that  have  contributed  to  the  growing  knowledge  of  mammalian  stress 
physiology.  However,  a relative  void  exists  within  reptilian  literature  particularly  in  the 
area  of  stress  regulation.  For  example,  a search  through  the  MedLine  database  among  the 
two  glucocorticoids  and  various  non-mammalian  vertebrates  resulted  in  about  390 
publications  for  fish,  240  for  birds,  170  for  amphibians,  and  a mere  78  for  reptiles.  This 
is  disappointing  given  the  fascinating  diversity  of  physiological  adaptations  that  reptiles 
exhibit,  as  well  as  their  ancestral  evolutionary  position  to  the  birds  and  mammals. 
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Glucocorticoid  action  is  highly  complex  and  diverse.  In  mammals,  physiological 
levels  of  glucocorticoids  stimulate  the  hepatic  conversion  of  amino  aids  to  glucose. 
Glucocorticoids  stimulate  the  release  of  glucogenic  amino  acids  from  peripheral  tissues 
and  promote  the  mobilization  of  fatty  acids  from  adipose  tissue  to  increase  availability  of 
amino  acids  for  gluconeogenesis  (Chastain  and  Ganjam,  1986).  No  study  shows 
unequivocally  that  corticosterone  is  gluconeogenic  in  reptiles  (Norris,  1985). 

In  mammals,  elevations  of  glucocorticoids  during  acute  stress  are  believed  to 
protect  the  body  against  its  own  defense  mechanisms  and  redirect  energy  towards 
maintenance  of  homeostasis  (Munck  et  al.,  1984;  de  Kloet  et  ah,  1993).  Stress-induced 
elevations  of  corticosterone  have  been  demonstrated  in  a variety  of  reptiles  (Greenberg 
and  Wingfield,  1987;  Moore  et  al.,  1991;  Lance,  1994;  Gregory  and  Schmid,  2001).  The 
study  of  reptilian  stress  physiology  is  still  in  a descriptive  phase  with  the  majority  of 
studies  focusing  on  responses  of  plasma  hormones  (and  other  metabolites)  to  a particular 
stressor.  Although  more  of  these  types  of  studies  are  needed  to  strengthen  fundamental 
descriptions  of  stress  responses  in  reptiles,  molecular  approaches  are  required  to 
determine  regulatory  functions  of  stress  hormones. 

Significant  amounts  of  data  on  corticosterone  exist  for  the  American  alligator 
( Alligator  mississippiensis).  Effects  of  capture  and  repeated  handling,  stocking  density, 
time  of  day,  and  saltwater  exposure  on  plasma  corticosterone  concentrations  have  been 
published  for  alligator  (Lance  and  Lauren,  1984;  Lauren,  1985;  Lance  and  Elsey,  1986; 
Elsey  et  al.,  1990a,  b).  However,  none  of  these  studies  have  determined  responses  of 
plasma  glucose  to  these  stressors. 
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The  following  three  studies  will  attempt  to  strengthen  past  findings  of  effects  of 
acute  stress,  time  of  day,  and  hyperosmotic  stress  on  plasma  corticosterone  in  juvenile 
alligators.  In  addition,  new  data  on  stress-induced  elevations  of  glucose  will  be  provided. 
Finally,  two  different  types  of  stressors  will  be  analyzed  to  determine  whether  the 
reptilian  HPA  axis  can  distinguish  physiological  versus  psychological  stress. 

Acute  serial  bleeding.  The  objective  of  this  study  is  to  determine  the  speed  of 
stress-induced  secretion  of  plasma  corticosterone  in  an  ecto thermic  vertebrate.  Do 
significant  elevations  of  plasma  corticosterone  occur  within  15  min  of  capture  in  juvenile 
alligators?  Can  the  HPA  axis  of  a large  reptile  respond  with  significant  circulating 
corticosterone  within  minutes  of  capture  as  it  does  in  endotherms?  Alligator  plasma  will 
also  be  analyzed  for  glucose  to  determine  if  acute  stress  results  in  a hyperglycemic 
response  within  1 5 min  of  capture. 

Cardiac  puncture  (a  standard  method  of  bleeding  alligators)  has  never  been  used 
repetitively  over  such  short  periods  of  time.  This  study  will  determine  if  it  is  an 
appropriate  repetitive  method  of  bleeding  small  alligators  over  5 min  intervals. 

Circadian  rhythm.  Circadian  variation  of  plasma  corticosterone  in  juvenile 
alligators  will  be  determined  and  compared  with  results  published  by  Lance  and  Lauren 
(1984).  A block  of  time  will  be  identified  when  no  significant  alteration  of  mean  plasma 
corticosterone  occurs  to  control  for  circadian  variation  in  a future  study.  Any  daily 
variations  of  glucose  and  aldosterone  will  also  be  determined  to  control  for  effects  of 
time  of  day  in  a future  study. 

Confounded  stress.  The  objective  of  this  study  is  to  determine  if  two  days  of 
exposure  to  a novel  environment  of  either  freshwater  or  saltwater  (15  ppt)  will  increase 
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plasma  corticosterone  and  glucose.  These  data  will  reveal  if  a physiological  stressor 
(saltwater  exposure)  has  an  additive  effect  on  a psychological  stressor  (new  environment) 
as  determined  by  elevated  plasma  corticosterone.  In  addition,  this  study  will  determine  if 
exposure  to  one  type  of  stressor  alters  the  response  to  a new  acute  stressor. 

Hypotheses  and  Predictions 

Acute  serial  bleeding.  This  study  tests  the  hypothesis  that  1 5 min  of  acute  stress 
is  sufficient  time  to  affect  plasma  corticosterone,  but  not  glucose,  in  an  ectotherm. 
Capture,  repeated  bleeding,  and  restraint  for  1 5 min  is  expected  to  increase  plasma 
concentrations  of  corticosterone  in  juvenile  alligators.  If  activation  of  the  HPA  axis 
occurs  as  quickly  in  alligators  as  it  does  in  mammals,  significant  elevation  of  plasma 
corticosterone  will  occur  5 min  after  capture.  Additionally,  at  1 5 min  after  capture,  mean 
plasma  corticosterone  should  be  higher  in  serially  sampled  animals  versus  controls  due  to 
the  additional  stress  of  handling  and  bleeding.  Since  30  min  of  acute  handling  stress 
were  not  sufficient  to  elicit  a hyperglycemic  response  in  wild  Kemp’s  ridley  sea  turtles 
(see  Chapter  2),  no  significant  elevations  of  glucose  are  expected  after  15  min  in  juvenile 
alligators. 

Circadian  rhythm.  Time  of  day  affects  vertebrate  basal  plasma  corticosterone 
concentrations.  Circadian  variation  in  plasma  corticosterone  is  expected  in  juvenile 
alligators  with  a peak  occurring  early  in  the  morning  and  in  the  late  evening.  Since 
animals  will  not  be  fed  throughout  the  experiment,  a reduction  of  plasma  glucose  may 
occur.  No  data  were  found  on  daily  variations  of  aldosterone.  However,  since  diet  can 
affect  aldosterone  secretion,  variations  may  occur  after  fasting. 
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Confounded  stress.  This  study  tests  the  hypothesis  that  hyperosmotic  conditions 
will  activate  the  HPA  axis  in  juvenile  alligators  and  may  be  a more  potent  stressor  than 
exposure  to  a novel  environment.  It  will  also  test  the  hypothesis  that  exposure  to  different 
types  of  stressors  can  attenuate  the  response  to  a new  acute  stressor.  Two  days  of 
saltwater  stress  (15  ppt)  will  increase  corticosterone  concentrations  and  the  mean  value 
may  be  higher  than  the  group  exposed  to  only  a novel  freshwater  environment.  I suspect 
that  two  days  in  a novel  environment  are  not  a sufficient  acclimation  period  and  do  not 
expect  corticosterone  levels  in  the  freshwater  group  to  be  as  low  as  initial  values.  Since 
alligators  will  be  fasting  during  the  experiment,  weight  and  plasma  glucose  should 
decrease  after  48  hours.  Both  plasma  corticosterone  and  glucose  will  increase  in 
response  to  30  min  of  acute  captivity  stress.  I predict  that  mean  plasma  corticosterone 
and  glucose  will  be  higher  in  alligators  exposed  to  freshwater  than  saltwater  after  30  min 
of  acute  stress  because  of  the  higher  energy  demands  required  to  maintain  homeostasis  in 
saltwater. 

Materials  and  Methods 

Animals 

Alligators  were  hatched  from  artificially  incubated  eggs  obtained  from  the  wild 
about  1 1 months  prior  to  the  experiment.  Animals  were  reared  in  large,  environmental 
chambers  (Joanen  and  McNease,  1977)  maintained  at  constant  temperature  (29°C)  and 
exposed  to  natural  lighting  at  the  Rockefeller  Wildlife  Refuge,  Grand  Chenier,  Louisiana. 
Juvenile  alligators  were  fed  dry  pellets  (Burris  Mill  Feed  Inc.,  Franklinton,  LA)  once 
every  other  day.  All  blood  samples  during  experiments  were  obtained  by  cardiac 
puncture  with  a heparinized  syringe  after  securing  jaws  with  a rubber  band.  The  care  and 
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experimental  use  of  animals  were  within  institutional  guidelines  and  approved  by  the 
institutional  animal  care  and  use  committee. 

Acute  serial  bleeding.  Two  groups  of  six  juvenile  alligators  (mean  body  weight 
= 1.58  ± 0.18  kg;  mean  body  length  = 77.9  ±3.4  cm)  were  sampled  (0.5  ml)  within  1 min 
of  initial  capture.  The  serial  group  was  sampled  additionally  at  5,  10  and  15  min  after 
capture  and  the  control  group  was  sampled  at  only  1 5 min  after  capture,  to  control  for 
effects  of  repetitive  sampling.  Each  alligator  was  quickly  removed  from  the 
environmental  chamber,  sampled,  and  placed  in  a smaller,  dry  container  to  await  further 
sampling.  One  alligator  from  each  group  was  treated  for  the  full  15-min  period.  Total 
body  length  and  weight  were  then  measured  and  the  two  animals  were  returned  to  their 
original  chambers  before  starting  serial  samples  with  two  fresh  animals. 

Circadian  rhythm.  Blood  samples  (2  ml)  were  taken  from  10  alligators  (mean 
body  weight  = 1.17  ± 0.28  kg;  mean  body  length  = 70.0  ± 3.6  cm)  at  1200,  1600,  1800, 
2000,  2200,  0000,  and  0400,  0800,  1200,  and  1600  hours  the  following  day.  To  avoid 
stress-induced  elevations  of  corticosterone,  I bled  each  animal  only  once  (thus,  a total  of 
1 00  alligators  were  sampled)  and  collected  most  blood  samples  within  1 min  of  capture. 
No  more  than  20  min  passed  between  the  start  and  end  of  sampling  each  group.  Animals 
were  not  fed  the  day  before  and  during  the  course  of  the  experiment.  Total  body  length 
were  measured  immediately  after  blood  sampling. 

Confounded  stress.  Twelve  alligators  (mean  body  weight  = 1.36  ±0.16  kg; 
mean  body  length  = 73.4  ± 3.2  cm)  were  removed  from  their  environmental  chamber, 
bled  (1  ml  obtained  within  1 min  of  capture),  measured,  and  then  placed  in  a new 
environmental  chamber  with  either  freshwater  or  saltwater  (15  ppt;  Fritz  Super  Salt  semi- 
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liquid  synthetic  sea  salt  mixture).  Each  animal  was  placed  in  an  alternate  fashion  into  the 
new  chambers  resulting  in  six  alligators  in  each  of  the  two  environments.  Blood  samples 
were  taken  48  hours  later,  and  each  animal  was  placed  in  smaller,  dry  containers 
immediately  after  bleeding.  Final  blood  samples  were  taken  30  min  after  restraint  in  the 
new  container.  After  all  animals  were  bled,  weight  was  measured  again,  and  alligators 
were  released  into  their  original  environmental  chambers.  Animals  were  not  fed  during 
the  course  of  the  experiment  to  control  for  effects  of  cessation  of  feeding  that  can  occur 
when  alligators  are  exposed  to  saltwater  stress  (Lauren,  1985).  All  samples  were  taken 
between  1500  and  1600  hours  to  control  for  circadian  variation  of  corticosterone. 

Sample  Analyses 

Blood  samples  were  kept  on  ice  for  no  longer  than  30  min  and  plasma  was 
separated  using  a clinical  desktop  centrifuge.  Plasma  samples  were  immediately  frozen 
in  liquid  nitrogen  and  later  transferred  to  an  ultra-cold  freezer  (-80°C)  and  stored  until 
assayed. 

Corticosterone.  Plasma  samples  from  alligators  were  analyzed  for  corticosterone 
using  a standard  radioimmunoassay  (RIA)  similar  to  one  developed  for  Caretta  caretta 
(Gregory  et  al.,  1996).  Antiserum  (#07-120016,  lot  #3R3-PB)  and  tritium-labeled 
corticosterone  were  purchased  from  ICN  Biomedicals  (Costa  Mesa,  CA).  Values  were 
determined  by  a 4-parameter  logistic  model  using  a program  supplied  by  Beckman  Inc. 
(EIARIA  Curve  Fit  Program).  Minimum  detectable  limit  was  12  pg/ml.  All  samples 
(200  pi)  were  extracted  with  4 ml  anhydrous  ether  twice  prior  to  RIA  analyses  (extraction 
efficiency  = 86  ± 6%).  Standard  curves  were  prepared  with  known  amounts  of  radioinert 
corticosterone  (0,  0.31,  0.62,  1.25,  2.50,  5,  10,  20,  40,  80  ng/ml)  purchased  from 
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Amersham  Corp.  (Arlington  Heights,  IL).  Final  characterization  of  the  assay  involved 
measurement  of  known  amounts  of  radioinert  corticosterone  (0,  0.31,  0.62,  1.25,  2.5,  5, 
10,  20,  40,  80  ng/ml)  in  50  pi  charcoal-stripped  plasma  [Y  = 0.6 15X  + 0.980;  Y = 
amount  of  corticosterone  measured  (ng/ml);  X = amount  of  corticosterone  added  (ng/ml); 

R“  = 0.965],  Inter-  and  intra-assay  coefficients  of  variation  were  10.2  and  6.7%, 
respectively. 

Glucose.  A Glucose  LiquiColor  enzymatic-colorimetric  test  (procedure  # 1070) 
from  STANBIO  Laboratory,  Inc.  (San  Antonio,  TX)  was  used  to  determine  plasma 
glucose  concentrations.  Values  were  determined  by  a linear  model  using  a program 
supplied  by  BIO-RAD  Microplate  Manager  (Hercules,  CA).  Standard  curves  were 
prepared  with  known  amounts  of  glucose  (0,  25,  50,  100  and  200  mg/dL)  in  distilled 
water  [Y  = 523.266x  + 7.887;  Y = amount  of  glucose  measured  (mg/dL);  X = 

absorbance;  R^  = 0.989].  Plasma  samples  (0.01  ml)  or  standards  (0.01  ml)  were  mixed 
with  glucose  oxidase  reagent  (1.0  ml)  and  incubated  at  room  temperature  for  20  min. 
Sample  and  standard  aliquots  (250  pi)  were  transferred  in  duplicate  to  a microplate  and 
their  absorbance  was  determined  (A,  = 480  nm).  Inter-  and  intra-assay  coefficients  of 
variation  were  7.9  and  2.8%,  respectively. 

Aldosterone.  Plasma  samples  were  analyzed  for  aldosterone  using  the  D- 
Aldosteome  3H  kit  (ICN  Biomedicals,  Inc.,  Costa  Mesa,  CA).  Minimum  detectable  limit 
was  10  pg/ml.  Values  were  determined  by  a 4-paramter  logistic  model  using  a program 
supplied  by  Beckman  Inc.  (EIARIA  Curve  Fit  Program).  All  samples  (500  pi)  were 
extracted  twice  prior  to  RIA  analyses  (extraction  efficiency  = 90  ± 6%).  Standard  curves 
were  prepared  with  known  amounts  of  radioinert  aldosterone  (0,  0.01,  0.025,  0.05,  0.1, 
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0.25,  0.5  ng/ml).  Inter-  and  intra-assay  coefficients  of  variation  were  18.3  and  7.8%, 
respectively. 

Statistics 

Statistical  analyses  were  performed  using  the  SuperANOVA  general  linear 
modeling  program  (Abacus  Concepts,  1991).  Corticosterone  (ng/ml),  aldosterone 
(pg/ml),  and  glucose  (mg/dl)  concentrations  were  checked  for  homogeneity  of  variance 
and  log  transformed  if  required.  Data  from  the  circadian  rhythm  study  were  analyzed  by 
one-factor  analyses  of  variance  (ANOVA)  followed  by  Duncan's  new  multiple-range  test. 
Linear  regressions  were  performed  among  hormone  and  glucose  concentrations  to  detect 
any  associations.  Data  from  all  serial  samples  were  subjected  to  repeated  measures 
ANOVA.  Mean  comparison  contrasts  were  performed,  and  the  P value  for  each  contrast 
was  multiplied  by  the  number  of  comparisons  made  (Bonferroni;  Jandel  Scientific,  1994). 
All  reported  graphs  and  mean  values  (mean  ± SEM)  were  obtained  from  raw  data. 
Statistical  significance  was  accepted  at  P < 0.05. 

Results 

Acute  Serial  Bleeding 

Plasma  corticosterone  concentrations  for  alligators  sampled  serially  increased 
significantly  after  5 min  of  capture  (P  = 0.0326),  peaked  at  10  min,  and  then  fell  at  15 
min  to  a value  lower  than  the  initial  level  (Fig.  3.1  A).  Conversely,  in  the  control  group, 

1 5 min  of  acute  handling  stress  resulted  in  a significantly  higher  mean  plasma 
corticosterone  than  the  mean  initial  value  (P  = 0.0096).  In  fact,  mean  plasma 
corticosterone  from  alligators  sampled  only  once  after  capture  was  dramatically  higher  at 
15  min  than  the  serial  group  (P  = 0.0003). 
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In  the  serial  group,  mean  plasma  glucose  increased  over  1 0 min,  but  was  not 
significantly  different  from  initial  samples.  At  1 5 min  after  capture,  serially  sampled 
alligators  exhibited  severe  hypoglycemia  (P  = 0.0201)  and  mean  glucose  levels  were 
slightly  lower  than  initial  (Fig.  3. IB).  A hyperglycemic  response  occurred  in  controls 
and  mean  plasma  glucose  at  1 5 min  was  significantly  higher  than  initial  concentrations  (P 
= 0.0180).  Mean  glucose  was  also  higher  in  controls  at  15  min  after  capture  than  in 
animals  bled  serially  at  the  same  sampling  time  (P  = 0.0328). 

Circadian  Rhythm 

Plasma  corticosterone  concentrations  ranged  from  0.17  to  38.01  ng/ml  for  100 
alligators  sampled  only  once  and  mostly  within  1 min  of  capture.  However,  the  highest 
value  was  more  than  3 standard  deviations  from  the  overall  mean  of  6.3  ng/ml.  A 
biphasic  rhythm  of  mean  plasma  corticosterone  (Fig.  3.2A)  was  apparent  with  peaks  at 
2000  and  0400  h that  were  significantly  higher  than  the  troughs  at  1 600  h (on  the  first 
day)  and  midnight. 

Plasma  glucose  concentrations  ranged  from  71.65  to  157.29  mg/dl.  Mean  values 
were  highest  during  the  first  3 sampling  times  (Fig.  3.2B),  decreased  until  the  trough  at 
0400  h,  and  increased  afterwards.  Mean  glucose  concentrations  were  significantly  higher 
the  first  day  between  1200  and  1800  h than  all  other  sampling  times.  The  mean  glucose 
level  at  0400  h was  significantly  lower  than  all  other  sampling  times  except  at  midnight 
and  1600  h the  second  day.  There  was  no  significant  association  between  glucose  and 
corticosterone  concentrations. 

Plasma  aldosterone  concentrations  ranged  from  15  to  59  pg/ml  and  a significant 
peak  was  observed  in  mean  concentrations  at  the  first  sampling  time.  Mean  values 
steadily  decreased  until  0800  h the  second  day  followed  by  a slight  increasing  trend  (Fig. 
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3.2C).  A significant,  positive  correlation  between  all  aldosterone  and  glucose 
concentrations  (P  = 0.0043)  was  observed  although  there  was  a high  degree  of  variability 
(Fig.  3.3). 

Confounded  Stress 

Mean  plasma  corticosterone  (Fig.  3.4A)  was  significantly  higher  compared  to 
baseline  after  48  hours  exposure  to  both  environments  (freshwater,  P = 0.0398;  saltwater, 
P = 0.0003).  However,  alligators  exposed  to  48  hours  of  saltwater  had  much  higher 
corticosterone  concentrations  than  animals  maintained  in  freshwater  (P  = 0.0308).  Mean 
corticosterone  increased  dramatically  in  the  freshwater  group  after  30  min  of  acute 
captivity  (P  = 0.0440).  Only  a slight  increase  in  corticosterone  occurred  in  the  saltwater 
group.  After  30  min  of  acute  captivity  stress,  mean  corticosterone  from  animals 
maintained  in  saltwater  was  lower  than  alligators  maintained  in  freshwater,  but  the 
difference  was  not  significant. 

Mean  plasma  glucose  did  not  change  significantly  after  two  days  of  exposure  to  a 
novel  environment.  The  saltwater  group  exhibited  higher  mean  glucose  after  48  hours 
than  the  freshwater  group  but  this  difference  was  not  significant  (P  = 0.0570).  A 
significant,  hyperglycemic  response  (Fig.  3.4B)  was  observed  in  alligators  exposed  to  48 
hours  of  freshwater  followed  by  30  min  of  acute  captivity  stress  (P  = 0.0001).  As 
expected,  fasting  caused  both  groups  to  lose  a similar,  significant  amount  of  weight  over 
2 days  (mean  loss  = 0.10  ± 0.03  kg,  P = 0.0001). 

Discussion 

Acute  Serial  Bleeding 

Juvenile  alligators  respond  with  a 3-fold  increase  in  plasma  corticosterone  after 
only  5 min  of  acute  handling  stress.  Alligators  sampled  only  at  1 5 min  after  capture 
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responded  with  a 3.7-fold  increase  of  plasma  corticosterone  and  were  hyperglycemic.  To 
my  knowledge,  this  is  the  first  study  to  examine  stress-induced  secretion  of  plasma 
corticosterone  and  glucose  in  a crocodilian  at  such  short  time  intervals.  Although  the 
magnitude  of  the  adrenocortical  response  in  alligators  is  not  as  pronounced  as  observed 
for  endotherms  (Windle  et  al.,  1998;  Sims  and  Holberton,  2000;  Pravosudov  et  ah, 

2001),  it  is  probable  that  significant  elevations  of  corticosterone  may  occur  at  even 
shorter  time  intervals  after  capture.  I suspect  that  wild-caught  alligators  may  have  a more 
pronounced  response  than  captive-reared  animals  that  are  accustomed  to  people. 

The  speed  and  magnitude  of  the  adrenocortical  response  tend  to  be  greater  for 
endotherms  and  small  ectotherms  and  are  most  likely  associated  with  higher  metabolic 
rates.  For  example,  in  mountain  chickadees  maintained  in  long  photoperiods,  mean 
plasma  corticosterone  increased  5.6  times  17  min  after  investigators  entered  cages  and 
took  initial  blood  samples  (Pravosudov  et  ah,  2002).  Female  rats  responded  with  a 7-fold 
increase  in  mean  plasma  corticosterone  20  min  after  initiation  of  10  min  of  noise  stress 
(Windle  et  ah,  1998).  Tree  lizards,  Urosaurus  ornatus,  subjected  to  10  min  of  handling 
stress  had  mean  corticosterone  concentrations  6.6  times  higher  than  animals  bled 
immediately  after  capture  (Moore  et  ah,  1991).  Thirty  minutes  after  brown  trout  (mean 
body  weight  of  330  g)  were  exposed  to  30  sec  of  emersion  stress,  a 50-fold  increase  of 
plasma  cortisol  (the  predominant  glucocorticoid  in  fish)  occurred  (Pickering  and 
Pottinger,  1989). 

Size  effects  within  ectothermic  species  have  been  observed  for  the  Kemp’s  ridley 
and  loggerhead  sea  turtles.  Small  immature  Kemp’s  ridley  turtles  had  significantly 
higher  mean  plasma  corticosterone  after  60  min  of  acute  handling  stress  than  immature 
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turtles  with  mean  carapace  length  about  7 cm  larger  (Gregory  and  Schmid,  2001). 
Immature  (small)  loggerhead  turtles  experienced  significantly  higher  plasma 
corticosterone  compared  to  large  turtles  after  60  min  of  acute  captivity  stress  (Gregory  et 
al.,  1996).  Although  in  the  latter  study,  reproductive  condition  of  large  turtles  captured 
during  summer  may  have  suppressed  the  adrenocortical  response,  lower  metabolic  rates 
of  larger  animals  may  have  been  a factor,  especially  with  samples  taken  during  winter. 
Thus,  larger  alligators  may  not  respond  as  quickly  to  acute  stress  in  terms  of  elevated 
plasma  corticosterone  as  did  the  smaller  juveniles  used  in  the  present  study. 

It  is  well  established  that  alligators  have  relatively  low  concentrations  of 
corticosterone  with  stress-induced,  mean  elevations  typically  remaining  under  20  ng/ml 
(Lance  and  Lauren,  1984;  Lauren,  1985;  Lance  and  Elsey,  1986;  Lance  and  Elsey,  1999). 
Relatively  low,  stress-induced,  mean  concentrations  of  corticosterone  have  also  been 
observed  for  a variety  of  turtles  (Callard  1975;  Aguirre  et  al.,  1995;  Gregory  et  al.,  1996; 
Gregory  and  Schmid,  2001),  lizards  (Moore  et  al.,  1991;  Grassman  and  Hess,  1992;  Cree 
et  al.,  2000),  and  birds  (Sims  and  Holberton,  2000;  Pravosudov  et  al.,  2001).  Stress- 
induced  elevations  of  corticosterone  in  rodents,  and  cortisol  in  fish  and  other  mammals, 
can  easily  be  10-50  times  higher  than  found  in  reptiles.  However,  a recent  study  on  male 
garter  snakes  ( Thamnophis  sirtalis ) captured  during  spring  resulted  in  plasma 
corticosterone  concentrations  above  100  ng/ml  (Moore,  et  al.,  2001).  This  is 
extraordinary  compared  to  the  majority  of  reptilian  studies.  There  have  been  some  older 
publications  that  demonstrated  relatively  high  plasma  corticosterone  concentrations  in 
caiman,  alligator,  and  domestic  fowl.  However,  Lance  and  Lauren  (1984),  observed  that 
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previous  authors  used  a fluorometric  assay  which  is  now  known  to  overestimate  plasma 
corticosteroid  levels. 

There  are  three  possibilities  for  the  extreme  levels  of  corticosterone  observed  by 
Moore  et  al.,  (2001):  (1)  T.  sirtalis  is  unique  among  the  reptiles  studied  and  truly  has  the 
ability  to  secrete  relatively  extreme  amounts  of  corticosterone;  (2)  RIA  procedures 
utilized  by  the  majority  of  authors  are  somehow  underestimating  true  corticosterone 
values  (e.g.,  failure  of  protein  extraction  methods,  poor  affinity  of  heterologous 
antibody);  or  (3)  the  RIA  procedure  used  by  Moore  et  ah,  (2001)  is  unique  and  may  be 
overestimating  corticosterone  concentrations  (e.g.,  antibody  cross-reactivity  problems). 

Hyperglycemic  effects  in  response  to  acute  stress  are  well  documented  in 
mammals  (Mizock,  1995).  Two  studies  have  shown  stress-induced  hyperglycemia  in 
alligators  (Lance,  et  ah,  1993;  Lance  and  Elsey,  1999).  However,  in  these  studies,  no 
sample  was  taken  less  than  1 hour  after  capture.  In  the  present  study,  juvenile  alligators 
sampled  only  15  min  after  the  initial  bleed  demonstrated  a significant  increase  of  14 
mg/dl  in  mean  plasma  glucose.  It  is  most  likely  that  this  increase  of  plasma  glucose  is  a 
result  of  catecholamine  secretion  in  response  to  acute  stress  and  not  due  to  gluconeogenic 
effects  of  corticosterone  (Lance  and  Elsey,  1999).  Stevenson  et  ah  (1957)  showed  that 
injections  of  epinephrine  caused  significant  hyperglycemia  after  eight  hours  in  alligators. 
Morici  et  ah  (1997),  were  unable  to  elicit  changes  in  plasma  glucose  in  alligators 
implanted  with  pharmacological  doses  of  corticosterone.  Studies  describing  the 
biochemical  pathway  of  hepatic  gluconeogenesis  in  reptiles  are  required  to  determine  if 
corticosterone  is  gluconeogenic. 
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At  least  three  sites  of  blood  sampling  are  used  for  crocodilians:  1)  cardiac 
puncture,  2)  caudal  vein,  and  3)  supravertebral  branch  of  the  jugular  vein.  It  is  apparent 
that  cardiac  puncture  is  not  an  appropriate  means  of  serially  sampling  juvenile  alligators 
at  such  short  time  intervals.  Several  of  the  serially  sampled  alligators  became  listless  and 
one  appeared  to  be  in  shock  after  1 5 minutes  of  sampling.  The  following  day,  one 
alligator  was  found  dead  in  the  environmental  chamber.  Upon  examination,  it  was 
obvious  this  alligator  was  an  experimental  animal  due  to  the  small  needle  hole  between 
the  scales  ventral  to  the  heart.  Once  the  thoracic  cavity  was  opened,  I found  massive 
cardiac  hemorrhage.  Publications  on  effects  of  hemorrhage  and  hypovolemia  show  a 
facilitation  of  the  hypothalamic-pituitary-adrenal  (HP  A)  axis  with  increases  in  plasma 
glucocorticoids  (Thrivikraman  and  Plotsky,  1993;  Wood,  2002).  However,  the  methods 
used  to  elicit  hemorrhage  do  not  damage  a major  organ.  No  study  was  found  that 
examined  effects  of  severe  hemorrhage  on  the  HPA  axis  of  an  ectotherm. 

The  present  study  demonstrates  an  inhibition  of  the  HPA  axis  and  hypoglycemia 
in  juvenile  alligators  after  acute  serial  bleeding,  possibly  in  response  to  severe  cardiac 
hemorrhage.  Severe  hemorrhagic  shock  in  rats  resulted  in  a decrease  of  corticotropin- 
stimulated  corticosterone  release  and  a decrease  in  adrenal  corticosterone  content  despite 
an  increase  in  plasma  corticosterone  (Wang  et  al.,  1999).  Adrenal  insufficiency  has  been 
shown  in  patients  during  the  late  stage  of  polymicrobial  sepsis  (Soni  et  al.,  1995). 

Despite  high  levels  of  corticotropin  (ACTH)  after  the  onset  of  sepsis  in  male  rats,  plasma 
corticosterone  was  similar  to  sham-operated  rats  (Koo  et  al.,  2001).  The  present  study 
may  be  the  first  to  show  adrenal  insufficiency  due  to  severe  trauma  or  hemorrhagic  shock 
in  an  ectotherm.  Repeating  the  experiment  with  another  method  of  bleeding  (e.g.,  caudal 
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vein)  would  further  support  this  conclusion  if  serially  sampled  animals  were  to  maintain 
high  concentrations  of  corticosterone  1 5 min  after  capture. 

To  determine  effects  of  hemorrhage  on  the  HPA  axis  of  a reptile,  one  would  need 
a homologous  assay  for  corticotropin.  Studies  of  plasma  levels  of  reptilian  ACTH  are 
lacking  and  is  a major  reason  the  endocrinology  of  stress  in  reptiles  is  poorly  understood. 
My  attempts  to  measure  ACTH  in  alligator  and  sea  turtle  plasma  using  a 
radioimmunoassay  developed  by  Wood  et  al.  (1993)  for  sheep  resulted  in  most  samples 
falling  below  detectable  limits  (<  20  pg/ml).  This  suggests  poor  affinity  of  the 
mammalian  antibody  to  reptilian  ACTH,  or  that  reptiles  have  extraordinarily  low 
concentrations  of  corticotropin.  Researchers  must  develop  a sensitive,  homologous  assay 
for  determining  plasma  ACTH  to  elucidate  effects  of  stress  on  the  reptilian  HPA  axis  and 
to  discover  the  role  of  corticotropin  in  adaptation  and  maintenance  of  homeostasis. 
Circadian  Rhythm 

As  expected,  a biphasic  rhythm  of  plasma  corticosterone  was  observed  in  captive- 
reared  juvenile  alligators.  Peak,  mean  plasma  corticosterone  concentrations  occurred  at 
2000  and  0400  h.  A similar  rhythm  was  observed  by  Lance  and  Lauren  (1984)  except 
that  the  early  morning  peak  occurred  at  0800  h.  Since  a four-hour  sampling  interval  was 
used,  the  actual  second  peak  may  occur  sometime  between  0400  and  0800  h.  Shorter 
sampling  intervals  should  be  utilized  to  clarify  this  rhythm. 

Alligators  display  a circadian  rhythm  in  behavior  with  increased  movement  from 
land  into  water  at  dusk  and  water  onto  land  at  dawn.  Lang  (1976)  was  able  to  alter  this 
activity  rhythm  by  manipulating  photoperiod  in  juvenile  alligators  maintained  at  constant 
temperature.  In  endotherms,  daily  variations  in  activity  are  correlated  with  rhythms  of 
corticosteroid  secretion  from  the  adrenal  gland  (Halberg  et  al.,  1959;  Meier  and  Ferrel, 
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1978;  Mitsugi  and  Kimura,  1985;  Breuner  et  al.,  1999).  However,  the  typical  pattern  of 
secretion  results  in  a single  peak  shortly  before  the  active  period,  not  two  distinct  peaks 
as  demonstrated  in  alligators.  The  peaks  of  plasma  corticosterone  levels  observed  in  the 
present  study  mimic  the  activity  peaks  observed  for  Crocodylus  niloticus  held  at  constant 
temperature  and  12:12  photoperiod  (Brown  and  Loveridge,  1981).  Highest  oxygen 
consumption  in  young  crocodiles  occurred  between  2000-2200  h and  0400-0700  h. 

In  mammals,  circadian  rhythms  of  basal  corticosterone  release  may  be  regulated 
by  melatonin,  the  major  secretory  product  of  the  pineal  (Johnson,  1982;  Vaughan,  1984). 
Underwood  (1977)  suggested  that  circadian  rhythms  of  corticosterone  in  lizards  are 
regulated  by  the  pineal  gland  as  well.  However,  unlike  other  reptiles,  crocodilians  lack  a 
pineal  gland.  Although  non-pineal  melatonin  has  been  found  in  the  alligator  (Roth  et  al., 

1 980),  the  mechanism  regulating  their  unique  biphasic  rhythm  of  corticosterone  is 
unknown. 

Average  levels  of  corticosterone  in  this  study  were  about  two-fold  higher  than 
those  observed  in  juvenile  alligators  by  Lance  and  Lauren  (1984).  Possible  factors 
contributing  to  this  variation  are  diet,  size,  and  stocking  density.  In  the  latter  study, 
alligators  were  fed  ground  meat  with  a poultry  vitamin  mix  and  were  three  times  larger 
than  juveniles  used  in  the  present  study.  In  addition,  stocking  density  was  not  specified 
and  may  have  been  low.  The  juveniles  used  in  the  present  study  were  captured  from 
enclosures  with  many  other  animals.  High  stocking  densities  have  been  associated  with 
similar,  elevated  plasma  corticosterone  levels  (Elsey  et  al.,  1990b).  Nonetheless,  if  basal 
concentrations  of  corticosterone  were  elevated  in  the  present  study,  they  did  not  diminish 
the  expected  biphasic  rhythm. 
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One  animal  in  the  present  study  had  an  extraordinarily  high  level  of  plasma 
corticosterone  (38  ng/ml).  This  individual  was  probably  stressed  prior  to  capture  (e.g., 
was  attacked  by  another  alligator  or  had  an  illness).  Nine  other  alligators  had 
corticosterone  values  between  10  and  15  ng/ml.  These  are  also  quite  high  and  are  within 
the  typical  range  for  stress-induced  levels  of  corticosterone.  All  these  animals  were 
sampled  within  1 min  of  capture  and,  since  no  effect  of  capture  time  within  group  was 
detected,  I am  confident  these  elevated  values  are  not  due  to  the  stress  of  capture.  Most 
likely,  stocking  density  was  the  contributing  factor.  These  data  reflect  the  sensitivity  and 
variability  of  the  HPA  axis.  Factors  that  influence  the  stress  response  must  be  identified 
before  meaningful  comparisons  can  be  made  among  studies. 

Captive-reared  juvenile  alligators  exhibited  a circadian  variation  in  plasma 
glucose  with  significantly  higher  levels  before  and  after  a trough  at  0400  h.  Mean 
glucose  concentrations  were  similar  to  levels  found  for  juvenile  alligators  maintained  in 
captivity  for  14  months  (Coulson  and  Hernandez,  1983).  It  is  interesting  to  note  that  the 
glucose  trough  at  0400  h occurred  after  the  trough  of  corticosterone  at  midnight.  Perhaps 
the  increase  in  glucose  that  occurred  after  0400  was  in  response  to  the  second  peak  of 
corticosterone.  However,  increases  in  glucose  are  more  likely  due  to  some  other  factor 
(e.g.,  glucagon)  because  plasma  glucose  decreased  after  the  first  peak  of  corticosterone. 
One  study  attempted  to  measure  circadian  variation  of  glucose  in  wild-caught,  juvenile 
alligators  but  results  were  influenced  by  captivity  stress  (Lance  et  al.,  1993).  Daily 
rhythms  of  glucose  in  mammals  are  well  established  (Bellinger  et  ah,  1974;  la  Fleur  et 
ah,  1999).  The  present  study  may  be  the  first  to  show  a circadian  variation  of  glucose  in 


a crocodilian. 
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Mean  glucose  concentrations  were  significantly  higher  at  1200  and  1600  h the 
first  day  than  at  1200  and  1600  h the  following  day.  Reptiles  have  slower  passage  rates 
than  endotherms  because  of  their  lower  metabolic  rates.  Animals  were  fed  about  26 
hours  before  the  start  of  the  experiment.  There  may  have  been  food  present  in  the  gut 
that  might  explain  the  higher  glucose  concentrations  in  the  beginning  of  the  first  day. 
Most  reptiles  can  survive  without  food  for  relatively  long  periods  of  time.  Studies  of 
rhythmic  variations  of  intermediary  metabolites  in  large  reptiles  should  fast  animals  for 
longer  than  one  day  before  experimental  sampling. 

A gradual  decline  of  plasma  aldosterone  was  observed  in  juvenile  alligators 
during  the  first  20  hours.  After  the  trough  at  0800  h,  aldosterone  levels  began  to  rise 
again.  As  observed  for  glucose,  levels  of  aldosterone  were  significantly  higher  at  1200 
and  1600  h the  first  day  than  at  the  same  times  the  next  day.  Again,  possible  food  in  the 
gut  at  the  beginning  of  the  experiment  may  have  influenced  plasma  aldosterone. 
Aldosterone  increases  sodium  reabsorption  by  the  nephrons  restoring  fluid  volume  as 
food  is  processed.  A significant,  positive  correlation  was  detected  between  glucose  and 
aldosterone,  which  supports  this  speculation.  Repeating  the  experiment  after  fasting 
alligators  for  a longer  period  of  time  would  help  clarify  these  data. 

Overall  mean  plasma  aldosterone  in  the  present  study  (27  pg/ml)  was  similar  to 
the  mean  initial  level  observed  by  Morici  et  al.  (1997)  for  captive-reared  juvenile 
alligators  (22. 1 pg/ml).  No  study  on  circadian  variations  of  aldosterone  in  a reptile  was 
found.  Diurnal  variations  of  aldosterone  have  been  shown  in  mammals  (Lightman  et  al., 

1991;  Bligh,  et  al.,  1993)  and  recently  were  shown  to  be  strongly  influenced  by  the  sleep- 
wake  cycle  (Charloux  et  al.,  1999). 
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Confounded  Stress 

Captive-reared,  juvenile  alligators  responded  with  much  higher  corticosterone 
concentrations  when  faced  with  the  physiological  stressor  of  saltwater  exposure  (osmotic 
stress)  than  when  faced  with  the  psychological  stress  of  a novel  environment.  To  my 
knowledge,  this  may  be  the  first  study  to  show  a differential  effect  of  a psychological 
versus  a physiological  stressor  on  the  HPA  axis  of  an  ectotherm.  In  addition,  higher 
corticosterone  concentrations  experienced  by  animals  maintained  in  saltwater  were 
associated  with  a decreased  response  of  the  HPA  axis  to  acute  captivity  stress.  These 
data  show  a desensitization  of  the  adrenocortical  response  due  to  the  negative  feedback  of 
corticosterone  on  ACTH  secretion  experienced  by  animals  with  a mean  corticosterone 
concentration  of  only  14.7  ng/ml. 

Significant  hyperglycemia  was  experienced  only  by  animals  maintained  in  a novel 
freshwater  environment  followed  by  30  minutes  of  acute  captivity  stress.  Associated 
with  a desensitization  of  the  HPA  axis  experienced  by  alligators  maintained  in  saltwater, 
was  a decreased  release  of  plasma  glucose  in  response  to  the  additional  acute  stressor. 
These  data  may  indicate  a depletion  of  glycogen  stores  due  to  the  energy  demands 
required  to  maintain  homeostasis  in  a hyperosmotic  environment.  Even  more  intriguing 
is  the  possibility  that  exposure  to  a physiological  stressor  can  alter  catecholamine 
secretion  to  a new  acute  stressor.  Lance  et  al.  (1993)  reported  evidence  of  possible 
altered  surges  of  catecholamines  in  response  to  repeated  stressful  encounters  of  handling 
and  bleeding  in  wild-caught  juvenile  alligators. 

Although  the  HPA  response  to  stress  results  in  stereotypic  increases  in 
glucocorticoids,  the  amplitude  of  the  response  is  influenced  by  many  intrinsic  (e.g., 
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gender,  reproductive  condition,  diet,  etc.)  and  extrinsic  factors  including  the  type  and 
duration  of  the  stressor  (Axelrod  and  Reisine,  1984;  Rivier,  1999;  Van  de  Kar  and  Blair, 
1999).  Recently,  there  has  been  a surge  in  studies  of  psychosocial  stress  because  of  the 
similarity  in  symptoms  between  patients  with  clinical  depression  and  the  chronic  stress 
responses  observed  in  subordinate  mammals  (Fuchs  et  ah,  2001).  In  contrast,  the  initial 
sympathetic  nervous  response  to  stress  is  specific  for  different  types  of  stressors.  For 
example,  public  speaking  results  in  a two-fold  increase  in  plasma  epinephrine  and  a 50% 
increase  in  norepinephrine,  whereas  the  reverse  is  true  for  performing  mental  arithmetic 
(Axelrod  and  Reisine,  1984). 

The  vertebrate  stress  response  comprises  adaptive  physiological  and 
psychological  processes  that  enable  animals  to  adapt  to  and  survive  challenging 
situations.  The  evolutionary  foundation  of  the  stress  response  in  endothermic  animals 
and  man  lies  within  the  reptiles.  Unfortunately,  comprehension  of  reptilian  stress 
endocrinology  is  at  its  infancy.  Studies  that  seek  to  understand  the  effects  of  different 
types  of  stressors  on  the  endocrine  and  neural  responses  to  stress  in  ectothermic 
vertebrates  are  lacking.  Development  of  homologous  assays  to  detect  reptilian  stress 
hormones  and  catecholamines  need  to  be  developed.  Basic  studies  that  analyze  stress- 
induced  alterations  of  plasma  CRH,  ACTH,  epinephrine,  norepinephrine,  etc.  in  a 
reptilian  model  must  be  accomplished  to  gain  a basic  understanding  of  reptilian  stress 
physiology  and  the  evolution  of  the  stress  response. 
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Figure  3.1 : Mean  plasma  corticosterone  (A)  and  glucose  (B)  in  juvenile  alligators 
serially  bled  for  15  min  in  5 min  intervals.  Controls  were  only  bled  initially 
(T-0)  and  at  15  min  after  capture  (T-15).  Significant  differences  from  T-0  (*),  within 
group,  (•),  and  between  groups  (°)  are  indicated  above  bars.  N=  6 for  each  group. 
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Figure  3.2:  Circadian  variation  of  mean  plasma  corticosterone  (A),  glucose  (B),  and 
aldosterone  (C)  in  juvenile  alligators.  Samples  are  independent  and  N=  10  for  each  time 
interval.  Relevant  peaks  that  are  significantly  different  from  the  troughs  at  1600  and 
midnight  for  the  first  day  are  indicated  by  asterisks  above  bars  for  corticosterone. 
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Figure  3.3:  Regression  plot  showing  an  increasing  trend  of  plasma  glucose  with 
aldosterone  concentrations  in  juvenile  alligators  sampled  during  a circadian  rhythm  study 
(P  = 0.0043,  R2  = 0.097). 
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Figure  3.4:  Effect  of  two  days  of  saltwater  exposure  (15  ppt)  followed  by  30  minutes  of 
acute  captivity  stress  on  plasma  corticosterone  (A)  and  glucose  (B)  in  juvenile  American 
alligators.  Significant  differences  from  T-0  (*),  within  group  (•),  and  between  groups  (°) 
are  indicated  above  bars.  N = 6 for  each  group. 
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CHAPTER  4 

CLONING  AND  SEQUENCING  A FRAGMENT  OF  ALLIGATOR 

AND  CHICKEN  GLUCOCORTICOID  RECEPTOR  CDNA:  SEQUENCE 
COMPARISONS  AMONG  OTHER  VERTEBRATES 

Introduction 

Reptiles,  birds,  and  mammals  form  the  group  Amniota,  which  is  assumed  to  be 
monophyletic  (Fig.  4.1).  The  diapsids  form  a major  amniote  clade  and  include  the 
lizards,  snakes,  crocodilians,  birds,  extinct  dinosaurs,  pterosaurs,  and  others.  The  origin 
of  the  Crocodylia  can  be  traced  back  to  the  Middle  Triassic  (-240  MYA).  Although 
lizards  are  similar  in  appearance,  the  birds  are  generally  believed  to  be  the  closest  extant 
relatives  of  the  crocodilians  because  of  shared,  unique  archosaurian  features.  These 
archosaurian  synapomorphies  include  antorbital  fenestra,  reduced  postfrontal,  fused  or 
absent  postparietals,  laterally  compressed  teeth,  and  a fourth  trochanter  on  the  femur 
(Benton,  1990). 

Phylogenetic  relationships  among  groups  of  organisms  can  be  postulated  from 
analyses  of  DNA  and  protein  sequences.  Evolutionary  change  is  believed  to  be  recorded 
in  these  sequences  in  a regular,  almost  clock-like,  manner  so  that  the  extent  of 
relationships  among  different  taxa  is  measured  by  the  similarity  of  their  homologous 
proteins  (Cao  et  al.,  1994).  Some  do  not  make  assumptions  about  time-dependent  rates 
of  change  and,  instead,  use  techniques  that  rely  on  measures  of  divergence  (Bishop  and 
Friday,  1988). 

Morphological  and  molecular  data  from  living  species  have  challenged  the 
classical  view  of  tetrapod  relationships  (Gardiner,  1982;  Gauthier  et  al.,  1988;  Hedges  et 
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al.,  1990).  One  of  the  more  controversial  hypotheses  challenges  the  sister  relationship 
between  birds  and  crocodilians  and  instead,  advocates  a sister  relationship  between  birds 
and  mammals  (Lovtrup,  1985;  Gardiner,  1982).  The  larger  clade  formed  by  Aves  and 
Mammalia  is  termed  Haemothermia. 

Recent  developments  of  methods  to  detect  DNA  and  RNA  in  tissues  (e.g.,  real- 
time PCR)  use  primers  and  probes  developed  from  nucleotide  and  protein  sequences. 

The  ability  to  easily  quantify  mRNA  is  revolutionizing  the  field  of  protein  expression. 
The  glucocorticoid  receptor  (GR)  protein  has  been  sequenced  for  five  mammals,  one 
amphibian,  and  one  fish.  The  primary  objective  of  this  study  was  to  sequence  a fragment 
of  the  alligator  glucocorticoid  receptor  complimentary  DNA  to  develop  homologous 
primers  and  probe  for  future  quantification  of  alligator  GR  mRNA  by  real-time 
polymerase  chain  reaction  (PCR).  In  addition,  a similar  fragment  of  chicken  GR  cDNA 
was  sequenced  for  comparison.  Sequence  alignments  were  performed  between  the 
alligator  and  other  published  vertebrate  GR  sequences  to  test  for  the  sister  relationship 
between  birds  and  crocodilians. 

Hypotheses  and  Predictions 

The  sister  relationship  between  crocodilians  and  birds  is  based  primarily  on 
paleontological  data.  This  study  tests  the  sister  relationship  by  analyzing  the  sequences  of 
GR  protein  between  the  alligator  and  other  vertebrates.  The  sequence  homology  for  GR  is 
predicted  to  be  highest  between  alligator  and  chicken.  Alignment  scores  should  be 
relatively  high  with  mammalian  sequences,  decrease  with  Xenopus,  and  be  lowest  with 


the  rainbow  trout. 
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Materials  and  Methods 

Cloning.  Lithium  urea-SDS  (Auffray  and  Rougeon,  1980)  was  used  to  extract 
total  RNA  from  alligator  adrenal  gland  and  chicken  embryo  as  described  by  Blumberg  et 
al.  (1992).  Samples  were  homogenized  in  a solution  of  3 M LiCl,  6 M urea,  and  0.1% 
sodium  dodecyl  sulfate  (SDS).  The  homogenates  were  incubated  at  0 C overnight  then 
centrifuged  for  20  min  at  1 0,000  g.  After  discarding  the  supernatant,  the  pellet  was 
resuspended  by  vortexing  in  6 ml  of  3M  LiCl.  The  precipitate  was  collected  by 
centrifugation  for  20  min  at  1 0,000  g.  Three  cycles  of  resuspension/centrifugation  were 
carried  out.  The  final  pellets  were  solubilized  in  2 ml  0.1  % SDS,  vortexed,  and 
combined  into  one  tube.  An  equal  volume  of  phenol:chloroform:isoamyl  alcohol 
(25:24:1)  was  added  and  the  mixture  vortexed.  After  centrifugation  for  5 min  at  10,000 
g,  the  aqueous  phase  was  transferred  into  2 tubes  and  1/10  volume  of  8 M LiCl  and 
fourteen  ml  of  100%  ETOH  were  added.  After  vortexing,  the  solution  was  precipitated 
overnight  at  -20  °C.  The  precipitate  was  collected  by  centrifugation  for  20  min  at 
10,000  g.  The  pellets  were  rinsed  in  5 ml  70%  ETOH,  air  dried,  and  resuspended  in 
150  pi  DEPC  treated  water. 

RT-PCR  using  primers  designed  to  detect  all  known  GRs  (Oligo  BB-313  = CCC 
GGA  TCC  GCN  GTN  GAR  GGY  CAR  CAY  AA,  Oligo  BB-3 14  = CCC  AAG  CTT 
AAN  RCC  ATN  ARR  AAC  ATC  CA)  was  used  to  isolate  alligator  and  chicken  GR 
cDNA  fragments.  The  RT  reaction  was  carried  out  as  described  by  Niehrs  et  al.,  1994. 
Total  RNA  (150  ng)  were  primed  with  random  hexamers  and  converted  to  cDNA  using 
Superscript  II  reverse  transcriptase  (Life  Technologies)  in  a final  volume  of  20  pi.  The 
PCR  reactions  contained  1 pi  of  cDNA  template,  2 ug  of  each  primer,  0.2  mM  each 
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dNTP,  2.5  units  Taq  polymerase  (Roche),  60  mM  Tris-HCl  pH  9.0,  1.5  mM  MgCl2,  15 
mM  (NH4)2S04.  PCR  was  for  30  cycles  of  94  °C  1 min,  40  °C  1 min,  72  °C  1 min, 
followed  by  10  min  at  72  °C.  The  fragment  was  purified  by  agarose  gel  electrophoresis 
using  GeneClean  reagent  (Bio  101). 

The  cDNAs  were  digested  with  BamW\  and  HindWl  restriction  enzymes,  ligated 
into  pBluescript  KSII+,  and  transformed  into  competent  E.  coli  XL  1 -Blue  (Stratagene). 
Plasmid  minipreps  were  performed  using  alkaline  lysis  (Birnboim  and  Doly,  1979). 

RNA  was  removed  by  digestion  with  100  ug/ml  RNAse  A in  50  mM  EDTA  pH  8.0  for 
30  min  at  37  °C.  The  DNA  was  recovered  by  precipiation  with  10%  (w/v)  polyethylene 
glycol  8000,  2.5  M NH4-acetate.  DNA  was  recovered  by  centrifugation  at  room 
temperature  for  30  min  at  14,000  g,  rinsed  with  70%  EtOH,  and  resuspended  in  50  pi  10 
mM  Tris  pH  8.0,  1 mM  EDTA.  The  DNA  was  sequenced  using  T3  and  T7  primers  and 
Sequenase  kits  (US.  Biochem). 

Sequence  analysis.  Entrez  PubMed,  an  internet  search  and  retrieval  system  of 
the  National  Library  of  Medicine  (http://www.ncbi.nlm.nih.gov:80/entrez/querv.fcgi). 
integrates  information  from  many  scientific  databases  and  was  used  to  find  and  download 
published  GR  sequences  from  GenBank.  GenBank  is  a database  of  all  publicly  available 
DNA  sequences  maintained  by  the  National  Center  for  Biotechnology  Information. 
ClustalW,  a multiple  sequence  alignment  program  available  on  the  internet 
(http://www.ebi.ac.uk/clustalw/).  was  used  to  determine  sequence  homology  among  my 
cloned  GR  fragments  and  other  published  vertebrate  sequences  at  the  protein  level. 
ClustalW  produces  biologically  meaningful  alignments  and  calculates  the  best  match  for 
selected  sequences.  Other  vertebrate  sequences  tested  included  human  (Hollenberg  et  al., 
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1985),  rat  (Miesfeld  et  al.,  1986),  Xenopus  (Gao  et  al.,  1994),  and  rainbow  trout 
(Ducouret  et  al.,  1995).  Banklt  was  used  to  submit  alligator  and  chicken  GR  fragments  to 
GenBank  (http://www.ncbi.nlm.nih.gov/BankIt/'). 

Results 

Cloning  of  alligator  and  chicken  GR  resulted  in  cDNA  fragments  of  476  base 
length  (Fig.  4.2).  Nucleotide  sequences  for  both  fragments  showed  80%  sequence 
homology.  The  deduced  amino  acid  sequence  for  the  portion  of  cloned  cDNA 
corresponds  to  the  fragment  underlined  in  the  complete  human  GR  sequence  shown  in 
Figure  4.3.  The  highest  amino  acid  sequence  homology  occurred  between  alligator  and 
chicken  (Fig.  4.4).  Sequence  homologies  of  other  vertebrate  GR  sequences  (Fig.  4.4,  4.5) 
aligned  against  alligator  decreased  in  the  following  order:  human  (87%),  rat  (86%), 
Xenopus  (81%),  and  rainbow  trout  (67%). 

Discussion 

Two  identical  length  fragments  (476  bases)  of  glucocorticoid  receptor  cDNA 
were  cloned  from  alligator  adrenal  gland  and  chicken  embryo.  At  the  protein  level,  the 
cloned  fragments  correspond  to  human  GR  residues  448-605.  The  functional  DNA- 
binding  domain  for  human  GR  corresponds  to  residues  390-498  and  the  steroid-binding 
domain  starts  at  residue  499  (Gustafsson  et  al.,  1987).  Single  point  substitutions  as  far  as 
residue  764  can  destroy  steroid-binding  capacity.  Thus,  the  alligator  and  chicken  GR 
fragments  contain  portions  of  both  DNA-  and  steroid-binding  domains. 

Results  of  this  study  support  the  postulated  sister  relationship  between 
crocodilians  and  birds.  The  highest  amino  acid  sequence  homology  (90%)  occurred 
between  alligator  and  chicken  sequences.  Comparison  of  alligator  and  chicken  sequences 
to  human  resulted  in  a 3%  and  2%  drop  in  alignment  scores,  respectively.  These  data  are 
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therefore  inconsistent  with  the  haemothermia  hypothesis,  which  favors  the  sister 
relationship  between  birds  and  mammals  (Hedges  et  al.,  1990).  Analyses  of  complete 
sequences  of  alligator  and  chicken  glucocorticoid  receptor  may  further  strengthen  this 
conclusion.  Complete  sequences  would  allow  structural  analyses  that  are  required  for  a 
more  powerful  comparison  among  published  glucocorticoid  receptors  and  other  steroid 
receptor  sequences  as  well  as  gaining  a better  understanding  of  receptor  structure  and 
function 

A recent  study  described  the  mitochondrial  genome  of  Alligator  mississippiensis 
and  constructed  a maximum  likelihood  tree  of  21  vertebrates  based  on  1 1 protein-coding 
genes  (Janke  and  Amason,  1997).  Various  analyses  were  performed  and  all  supported 
the  avian/crocodilian  relationship  and  were  inconsistent  with  the  haemothermia 
hypothesis.  Based  on  maximum-likelihood  branch  lengths,  the  avian/crocodilian 
divergence  was  dated  at  -242  MY  A.  These  results  are  particularly  robust  since  the 
authors  used  concatenated  sequences  of  single  genes  instead  of  performing  analyses  on 
individual  genes  (Cao  et  ah,  1994).  Unfortunately,  the  only  reptile  Janke  and  Amason 
(1997)  examined  was  the  alligator. 

Gauthier  et  al.  (1988)  ignored  all  fossil  data  and,  instead,  used  over  100 
morphological  characters  from  five  modern  amniote  clades  to  support  the  following 
arrangement  (Fig.  4.6A):  (squamates(turtles(mammals(crocodilians(birds))))).  These 
hypothesized  relationships  disrupt  the  diapsids  and  closely  associate  mammals  with 
crocodilians  and  birds.  However,  addition  of  paleontological  data  supports  the  traditional 
view  of  the  monophyly  of  diapsids  (Kemp,  1988;  Fig.  4.6B). 
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Although  the  present  study  rejects  the  haemothermia  hypothesis,  sequence  data 
representing  turtle,  lizard,  and  snake  are  required  to  further  explore  the  monophyly  of 
Diapsida  at  the  molecular  level.  Molecular-based  phylogenies  may  not  entirely  refute 
earlier  hypotheses  ofo  amniote  relationships.  For  example,  molecular  data  that  support  a 
sister  relationship  between  mammals  and  birds  may  be  due  to  convergent  evolution  of  the 
oxygen-binding  abilities  of  globin  proteins  (Abruzzo  and  Reitman,  1994).  Perutz  (1983) 
suggested  that  the  unusual  allosteric  properties  of  crocodilian  beta-hemoglobin  may  have 
obscured  a sister-group  relationship  to  birds.  However,  phylogenetic  hypotheses  that 
incorporate  molecular  data  are  more  explicit  and  testable  and,  thus,  offer  greater 
predictive  power  (Benton,  1 990). 

The  Reptilia  are  severely  under  represented  in  nucleotide  and  protein  databases. 

At  present,  cloning  and  sequencing  techniques  are  relatively  inexpensive  and  readily 
available.  Hopefully,  studies  aimed  at  sequencing  proteins  from  a diversity  of  reptiles 
and  birds  will  increase  in  the  near  future.  Once  representatives  from  each  major  lineage 
are  sequenced,  discordance  in  hypothesized  phylogentic  relationships  of  amniote  groups 
may  be  resolved. 
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Figure  4.1 : The  classic  and  generally  recognized  relationships  among  the  amniotes  based 
predominantly  on  the  fossil  record  (Romer,  1966). 
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>Alligator 

1 gctgtggagg  gccagcacaa  ttacctgtgt  gctggaagaa  atgattgtat  cattgacaaa 

61  atccggagaa  aaaactgtcc  cgcatgccgc  taccggaaat  gtctgcaagc  tggcatgaac 

121  ttagaagctc  gaaaaacaaa  gaagaagata  aaaggaattc  agcagtccaa  cgtgtcatca 

181  gtgagagata  ctcctgaaag  tcctggaaat  aagtctatag  ttcccgcatc  actgccacag 

241  ctaaccccta  ccctggtttc  cctgctggaa  gtcattgaac  cggaagtttt  gtattcaggc 

301  tatgacagta  cgctacctga  ctcaagttgg  cgtatattgt  caactctcaa  catgttagga 

361  ggacgacaag  tggtagctgc  agtaaagtgg  gcaaaggcaa  taccaggttt  ccgaaatcta 

421  catctggatg  accaaatgac  ccttttgcag  tactcctgga  tgttcttcat  ggcctt 

>Chicken 

1 gcagttgagg  gtcagcacaa  ctatctctgc  gctggaagga  acgattgcat  tattgacaaa 

61  attcgacgga  agaactgccc  ggcgtgccgc  tatcggaaat  gtctccaggc  aggcatgaac 

121  ctcgaagctc  gcaagacgaa  gaagaagata  aaaggcattc  agcagaccac  tgccacgggc 

181  acgagggaag  ctgccgaagc  tgctggaaat  aagagcgtgg  ttcccgcctc  gctgccgcag 

241  ctcacaccca  ccctggtgtc  actgctggag  gtgatcgagc  cggaggtgct  gtactcaggc 

301  tatgacagca  cgctgcctga  ctccacgtgg  cgcatcatgt  caaccctcaa  catgttagga 

361  ggacggcaag  tggtagctgc  ggtcaagtgg  gcaaaagcaa  taccaggttt  cagaaactta 

421  cacctggatg  accaaatgac  ccttctgcag  tactcctgga  tgttcctcat  ggcctt 

Figure  4.2:  The  nucleotide  sequence  of  a 476  base  portion  of  GR  cDNA  from  the 

American  alligator  {Alligator  mississippiensis)  and  domestic  chicken  {Gallus  gallus). 

Sequences  have  been  registered  with  DDBJ,  EMBL,  and  GenBank  (accession  numbers 
AF525750  and  AF525751,  respectively). 


1 mdskesltpg  reenpssvla  qergdvmdfy  ktlrggatvk  vsasspslav  asqsdskqrr 
61  llvdfpkgsv  snaqqpdlsk  avslsmglym  getetkvmgn  dlgfpqqgqi  slssgetdlk 
121  lleesianln  rstsvpenpk  ssastavsaa  ptekefpkth  sdvsseqqhl  kgqtgtnggn 
181  vklyttdqst  fdilqdlefs  sgspgketne  spwrsdllid  encllsplag  eddsfllegn 
241  snedckplil  pdtkpkikdn  gdlvlsspsn  vtlpqvktek  edfielctpg  vikqeklgtv 
301  ycqasfpgan  iignkmsais  vhgvstsggq  myhydmntas  lsqqqdqkpi  fnvippipvg 
361  senwnrcqgs  gddnltslgt  lnfpgrtvfs  ngysspsmrp  dvssppssss  tattgpppkl 
421  clvcsdeasg  chygvltcgs  ckvffkrave  qqhnylcaqr  ndciidkirr  kncpacryrk 
481  clqaqmnlea  rktkkkikqi  qqattqvsqe  tsenpgnkti  vpatlpqltp  tlvsllevie 
541  pevlyaqyds  svpdstwrim  ttlnmlqgrq  viaavkwaka  ipqfrnlhld  dqmtllqysw 
601  mf lmafalgw  rsyrqssanl  lcfapdliin  eqrmtlpcmy  dqckhmlyvs  selhrlqvsy 
661  eeylcmktll  llssvpkdgl  ksqelfdeir  mtyikelgka  ivkregnssq  nwqrfyqltk 
721  lldsmhewe  nllnycfqtf  ldktmsiefp  emlaeiitnq  ipkysngnik  kllfhqk 


Figure  4.3:  The  amino  acid  sequence  of  the  human  glucocorticoid  receptor  protein.  The 
underlined  fragment  contains  part  of  the  DNA-  and  steroid-binding  domains  and 
corresponds  to  the  portion  that  was  cloned  in  alligator  and  chicken. 
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gator  AVEGQHNYLC AGRNDC 1 1 DK I RRKNC PACRYRKCLQ AGMNLE ARKTKKK I KG I QQ SNV S S 60 
chick  AVEGQHNYLCAGRNDCIIDKIRRKNCPACRYRKCLQAGMNLEARKTKKKIKGIQQTTATG  60 

★ ★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★it  . 

gator  VRDTPESPGNKSIVPASLPQLTPTLVSLLEVIEPEVLYSGYDSTLPDSSWRILSTLNMLG  120 
chick  TREAAEAAGNKSWPASLPQLTPTLVSLLEVIEPEVLYSGYDSTLPDSTWRIMSTLNMLG  120 

gator  GRQWAAVKWAKAI PGFRNLHLDDQMTLLQY SWMFFMA  158 
chick  GRQWAAVKWAKAI PGFRNLHLDDQMTLLQY SWMFLMA  158 

★ ★★★★★★★★★★★★★★★★★★★★★★★★★★★★Hr***** . ★★ 

Alignment  Score  = 90 

gator  AVEGQHNYLCAGRNDCIIDKIRRKNCPACRYRKCLQAGMNLEARKTKKKIKGIQQSNVSS  60 
human  AVEGQHNYLCAGRNDCIIDKIRRKNCPACRYRKCLQAGMNLEARKTKKKIKGIQQATTGV  60 

★ ★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★VC******. 

gator  VRDTPESPGNKSIVPASLPQLTPTLVSLLEVIEPEVLYSGYDSTLPDSSWRILSTLNMLG  120 
human  SQETSENPGNKTIVPATLPQLTPTLVSLLEVIEPEVLYAGYDSSVPDSTWRIMTTLNMLG  120 
. .★  ★ .**★★*★ 

gator  GRQWAAVKWAKAI PGFRNLHLDDQMTLLQY SWMFFMA  158 
human  GRQVIAAVKWAKAI PGFRNLHLDDQMTLLQY SWMFLMA  158 

Alignment  Score  = 87 

chick  AVEGQHNYLCAGRNDCIIDKIRRKNCPACRYRKCLQAGMNLEARKTKKKIKGIQQTTATG  60 
human  AVEGQHNYLCAGRNDCIIDKIRRKNCPACRYRKCLQAGMNLEARKTKKKIKGIQQATTGV  60 

chick  TREAAEAAGNKSWPASLPQLTPTLVSLLEVIEPEVLYSGYDSTLPDSTWRIMSTLNMLG  120 
human  SQETSENPGNKTIVPATLPQLTPTLVSLLEVIEPEVLYAGYDSSVPDSTWRIMTTLNMLG  120 

chick  GRQWAAVKWAKAI PGFRNLHLDDQMTLLQY SWMFLMA  158 
human  GRQVI AAVKWAKAI PGFRNLHLDDQMTLLQY SWMFLMA  158 
*★★★ . *★★*★★★★****★**★★★★*★★★★★★★***★★* 

Alignment  Score  = 88 


Figure  4.4:  Sequence  alignments  for  a 0.476  kb  fragment  of  the  glucocorticoid  receptor 
protein.  Alignments  were  performed  among  alligator,  chicken,  and  human.  Highest 
sequence  homology  of  90%  occurred  between  alligator  and  chicken.  Identical  amino 
acids  (*),  strong  similarities  (:),  and  similarities  (.)  are  indicated  beneath  each  alignment 
pair. 
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gator  AVEGQHNYLC AGRNDC I IDK I RRKNC PACRYRKCLQ AGMNLEARKTKKK I KG I QQ SNV S S 60 
rat  AVEGQHNYLCAGRNDC I IDK I RRKNC PACRYRKCLQAGMNLEARKTKKKI KGIQQATAGV  60 

★ ★★★★★★★★★★★★★★★★★★★★★★★★★it****************************. 


gator  VRDTPESPGNKSIVPASLPQLTPTLVSLLEVIEPEVLYSGYDSTLPDSSWRILSTLNMLG  120 
rat  SQDTSENP-NKTIVPAALPQLTPTLVSLLEVIEPEVLYAGYDSSVPDSAWRIMTTLNMLG  119 

gator  GRQWAAVKWAKAI PGFRNLHLDDQMTLLQY SWMFFMA  158 
rat  GRQVI AAVKWAKAI LGLRNLHLDDQMTLLQY SWMFLMA  157 

★ . ★★★★*★***  ★ . ★*★★★★****★★★★*★★*  . ★★ 

Alignment  Score  = 86 

gator  AVEGQHNYLCAGRNDCIIDKIRRKNCPACRYRKCLQAGMNLEARKTKKKIKGIQQSNVSS  60 
Xenopus  AVEGQHNYLCAGRNDCIIDKIRRKNCPACRYRKCLQAGMNLEARKTKKKIKGIQQSTTAT  60 
★★**★**★★★★★*★*★★★★******★*★*★**★★★★★★★★*★★****★****★***  . . 

gator  VRDTPESPGNKSIVPASLPQLTPTLVSLLEVIEPEVLYSGYDSTLPDSSWRILSTLNMLG  120 
Xenopus  ARESPETSMTRTLVPASVAQLTPTLISLLEVIEPEVLYSGYDSSIPDTTRRLMSSLNMLG  120 


gator  GRQWAAVKWAKAI  PGFRNLHLDDQMTLLQY  SWMFFMA  158 

Xenopus  GRQ W SAVRWAKAI PGFRNLHLDDQMTLLQY SWMFLMV  158 

Alignment  Score  = 81 

gator  AVEG QHNYLCAGRNDCIIDKIRRKNCPACRYRKCLQAGMNLEARKTKKKIK  51 

trout  AVEGWRARQNTDGQHNYLCAGRNDCIIDKIRRKNCPACRFRKCLQAGMNLEARKNKKLIR  60 

gator  GIQQSNVSSVRDTPESPGNKSIVPASLPQLTPTLVSLLEVIEPEVLYSGYDSTLPDSSWR  111 

trout  LKGQQTTMEPNPPPPDERACALIPKSMPQLVPTMLSLLKAIEPEAIYSGYDSTIPDTSTR  120 

★ ★ ...*  ★.★★★  ★*..*★*.  ★★★★  -k 

gator  IL  STLNMLGGRQVVAAVKWAKAI PGFRNLHLDDQMTLLQY SWMFFMA  158 

trout  LMTTLNRLGGQQWSAVKWAKSLPGFRNLHLDDQMTLLQCSWLFLMS  167 

Alignment  Score  = 67 


Figure  4.5:  Sequence  alignments  for  a 0.476  kb  fragment  of  the  glucocorticoid  receptor 
protein.  Alignments  were  performed  between  alligator  and  rat,  Xenopus,  and  rainbow 
trout.  Identical  amino  acids  (*),  strong  similarities  (:),  and  similarities  (.)  are  indicated 
beneath  each  alignment  pair. 
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Figure  4.6:  Arrangement  of  amniote  taxa  based  on  morphological  data  of  modern 
amniote  clades  (A;  Gauthier  et  al.,  1988),  and  both  morphological  and  skeletal  characters 
(B;  Kemp,  1988). 


CHAPTER  5 

CHRONIC  SALTWATER  STRESS  IN  JUVENILE 
FEMALE  ALLIGATORS  {ALLIGATOR  M1SSISSIPPIENSIS) 

Introduction 

Adverse  effects  of  chronic  stress  on  physiology  and  behavior  are  well 
documented  in  humans  and  rodents.  Many  of  these  effects  are  mediated  by  stress- 
induced  increases  in  plasma  glucocorticoids  and  include  increased  risk  of  illness  and 
gastric  ulcers,  development  of  psychological  disorders,  and  extensive  atrophy  of  apical 
dendrites  in  the  hippocampus  (Wellman  2001;  Henke,  1990;  Woolley  et  ah,  1990). 
Detrimental  effects  of  chronic  stress  and  elevations  of  plasma  glucocorticoids  have  been 
established  in  domesticated  animals,  birds,  and  fish  (Pickering,  1 990;  Pickering  and 
Pottinger,  1989;  Harvey  et  ah,  1984;  Harvey  and  Chevins,  1984;  Stephens,  1980). 

Effects  of  chronic,  stress-induced  elevations  of  corticosterone  are  known  yet 
poorly  documented  in  reptiles.  Yet,  it  is  obvious  that  chronic  stress  affects  reptiles. 
Cowan  (1980)  reviewed  records  of  over  1200  reptiles  that  died  over  a 66-year  period  at 
the  Philadelphia  Zoo.  Most  of  the  deaths  occurred  during  the  first  2 years  of  captivity 
and  were  attributed  to  a nonspecific  physical  deterioration,  which  Cowan  termed 
“maladaptation  syndrome”.  In  farmed  Nile  crocodiles,  prolonged  exposure  to  low 
temperatures  is  associated  with  a suppression  of  the  immune  system  and  increased 
susceptibility  to  disease  (Lance,  1990).  Chronic,  elevated  plasma  corticosterone 
concentrations  are  associated  with  decreased  growth  rates  in  captive,  juvenile  alligators 
maintained  in  high  stocking  densities  (Elsey  et  ah,  1990b).  Although  adult  alligators  can 
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survive  for  a limited  time  in  seawater,  hatchlings  are  very  sensitive  to  high  salinities. 
Juvenile  alligators  exposed  to  salinities  as  low  as  15  ppt  (~  50%  seawater)  had  stress- 
induced  elevations  of  corticosterone,  failed  to  maintain  osmotic  homeostasis,  and  began 
to  die  after  3 weeks  (Lauren,  1985). 

To  date,  no  study  has  shown  unequivocally  that  glucocorticoids  function  in 
gluconeogenesis  in  reptiles  or  birds  as  is  its  primary  physiological  role  in  mammals 
(Norris,  1985).  It  is  well  established  that  cortisol  functions  in  sodium  transport  across 
gills,  gut,  and  kidney  of  bony  fish  (Evans,  2002;  Abo-Hegab  and  Hanke,  1984). 
Glucocorticoids  may  regulate  salt-excreting  glands  in  birds  and  reptiles  (Baccari  et  al., 
1996;  Greenberg  and  Wingfield,  1987;  Bradshaw  et  al.,  1984).  During  acute  stress, 
elevated  glucocorticoids  are  thought  to  protect  the  body  against  its  own  defense 
mechanisms  and  redistribute  energy  to  assist  in  maintaining  homeostasis  (de  Kloet  et  al., 
1993;  Munck  et  al.,  1984).  The  mechanisms  by  which  these  effects  occur  are  poorly 
understood  and  studies  analyzing  glucocorticoid  receptor  function  are  heavily  dominated 
by  rodent  data.  However,  recent  advancements  in  quantifying  DNA  and  RNA  are 
leading  the  way  for  studies  on  protein  expression  and  regulation. 

In  the  present  study,  I exposed  fasted  alligators  to  a novel  environment  of  either 
freshwater  or  saltwater  (15  ppt)  for  three  weeks.  Effects  of  mild  (fasting)  and  severe 
(fasting  + saltwater)  chronic  stress  were  determined  for  plasma  corticosterone,  glucose, 
aldosterone,  and  urinary  sodium  and  potassium.  All  surviving  alligators  were  then 
maintained  in  freshwater  and  fed  every  day  for  a two-week  recovery  period.  Afterwards, 
naive  and  previously  stressed  alligators  were  exposed  to  an  additional  week  of 
hyperosmotic  stress.  Effects  of  prior  experience  with  hyperosmotic  stress  were  assessed 
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during  a second  experience  with  the  same  stressor  to  detect  any  physiological  alteration 
of  response.  In  addition  to  the  above,  a subsample  of  alligators  was  removed  and  killed 
during  each  week  to  determine  kidney  concentrations  of  glucocorticoid  receptor  mRNA 
(GR  mRNA).  This  is  the  first  study  to  quantify  reptilian  GR  mRNA  in  kidney  using  a 
homologous  assay.  Effects  of  stress-induced  elevations  of  corticosterone  are  mediated  by 
GR.  Thus,  data  on  stress-induced  alterations  of  GR  are  required  to  gain  insight  into  the 
function  of  this  extremely  important  stress  hormone. 

The  primary  objective  of  this  study  was  to  determine  the  effects  of  3 weeks  of 
saltwater  exposure  (15  ppt)  on  plasma  corticosterone,  glucose,  aldosterone,  and  urinary 
ions  in  fasted,  juvenile,  female  alligators.  In  addition,  the  effect  of  chronic  hyperosmotic 
stress  on  glucocorticoid  receptor  mRNA  was  assessed.  Real-time  PCR  using 
homologous  primers  and  probe  was  used  to  quantify  GR  mRNA  transcripts  in  alligator 
kidney.  To  my  knowledge,  this  is  the  first  study  to  quantify  reptilian  GR  mRNA  and  to 
use  a homologous  approach  for  molecular  assay  of  any  reptilian  steroid  receptor  mRNA. 

This  study  also  determined  if  two  weeks  were  sufficient  to  recover  fully  from 
three  weeks  of  hyperosmotic  stress  and  fasting  by  examining  whether  plasma  metabolites 
return  to  initial  values.  Finally,  this  study  showed  if  stress-induced  responses  to  an 
additional  week  of  saltwater  exposure  are  altered  by  previous  exposure  to  the  same 
stressor. 

Hypotheses  and  Predictions 

The  hypothesis  that  chronic  stress  affects  plasma  concentrations  of  corticosterone 
is  well  tested.  Stress-induced  elevations  are  expected  in  response  to  both  saltwater  stress 
and  fasting  in  juvenile,  female  alligators.  Higher  levels  are  expected  in  animals  exposed 
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to  hyperosmotic  stress  since  reptiles  are  known  to  endure  relatively  long  periods  of 
fasting.  Juvenile  alligators  can  die  in  20  ppt  saltwater  after  3 weeks  of  exposure  (Lauren, 
1985),  thus  demonstrating  this  type  of  stressor  can  eventually  overcome  an  alligator’s 
ability  to  maintain  homeostasis. 

It  is  hypothesized  that  plasma  glucose  will  be  affected  by  3 weeks  of  saltwater 
exposure  and  fasting.  If  corticosterone  has  hyperglycemic  affects  in  reptiles,  then 
glucose  is  to  remain  elevated  in  the  fasting  group.  However,  I also  predict  that  the  energy 
requirements  for  maintenance  of  homeostasis  in  a hyperosmotic  environment  will 
supercede  the  animal’s  ability  to  maintain  initial  glucose  levels  and  result  in  a 
hypoglycemic  response. 

The  hypothesis  that  hyperosmotic  stress  increases  urinary  ions  is  well  documented 
in  the  crocodilian  literature  (Lauren,  1 985).  Chronic  hyperosmotic  stress  is  expected  to 
affect  urinary  sodium  and  potassium.  Alligators  exposed  to  15  ppt  saltwater  (-50% 
seawater)  will  presumably  become  salt-loaded  (from  drinking  saltwater)  and  excrete 
higher  urinary  ions.  Studies  show  a suppression  of  aldosterone  in  response  to  salt- 
loading. Assuming  aldosterone  stimulates  sodium  reabsorption  by  the  nephrons  in 
alligator  kidney,  then  a reduction  of  plasma  aldosterone  is  expected  in  animals  exposed  to 
chronic,  hyperosmotic  stress.  I expect  that  aldosterone  will  be  higher  in  fasting  alligators 
maintained  in  freshwater  since  animals  will  eventually  lose  salts  to  the  environment 
because  they  are  not  ingesting  any  salt.  Thus,  over  time,  their  urinary  sodium  output 
should  decrease  as  aldosterone  promotes  sodium  reabsorption.  Urine  volume  is  expected 
to  decrease  dramatically  in  alligators  exposed  to  saltwater  and  after  two  weeks  animals 
should  shift  to  a uricotelic  method  of  excretion. 
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This  study  tests  the  hypothesis  that  chronic  stress,  which  causes  increases  in 
corticosterone,  will  alter  the  expression  of  the  glucocorticoid  receptor  as  measured  by 
changes  in  mature  GR  mRNA  levels.  Rodent  studies  have  shown  a down-regulation  of 
GR  mRNA  after  acute  and  chronic  stress.  However,  several  studies  have  shown  different 
results  depending  on  the  type  of  stress  and  tissue  analyzed.  Alterations  of  GR  mRNA  are 
expected  in  alligators  exposed  to  saltwater  stress  and  fasting.  If  down-regulation  of  GR 
mRNA  in  response  to  stress-induced  elevations  of  corticosterone  occurs  in  alligators, 
then  kidney  GR  mRNA  should  be  lowest  in  the  group  with  the  highest  plasma 
corticosterone  (i.e.,  saltwater  group). 

A period  of  two  weeks  is  generally  used  by  scientists  as  a “recovery”  or 
“acclimation”  time.  However,  not  many  data  exist  to  determine  whether  two  weeks  are 
sufficient  for  a full  physiological  recovery  from  such  stressors  as  fasting  or  severe 
hyperosmotic  stress.  If  two  weeks  are  sufficient  for  full  recovery,  then  plasma 
metabolites  and  urinary  ions  should  return  to  initial  levels  in  all  surviving  alligators. 

Several  studies  show  that  experience  with  certain  psychological  stressors  (e.g., 
new  environment)  alters  stress-induced  responses  to  repeated  exposure  of  that  same 
stressor.  I suspect  that  with  a physiological  stressor  such  as  saltwater  exposure,  which 
leads  to  severe  hyperosmotic  stress,  no  significant  adaptation  or  reduction  of  responses 
will  occur  in  the  experienced  group  upon  a second  exposure. 

Materials  and  Methods 

Animals 

Alligators  (n  = 66,  mean  body  weight  = 671  ± 226  g,  mean  body  length  = 59.9  ± 

7 . 1 cm)  were  hatched  at  female-producing  temperature  (to  control  for  possible  effect  of 
sex)  from  two  clutches  of  artificially  incubated  eggs  obtained  from  the  wild  1 0 months 
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prior  to  the  experiment.  Animals  were  reared  in  one  large  environmental  chamber 
maintained  at  constant  temperature  (29  C)  and  exposed  to  natural  lighting  at  the 
Rockefeller  Wildlife  Refuge,  Grand  Chenier,  Louisiana.  Prior  to  the  study  period, 
juvenile  alligators  were  fed  dry  pellets  (Burris  Mill  Feed  Inc.,  Franklinton,  LA)  once 
every  other  day.  The  care  and  experimental  use  of  animals  were  within  institutional 
guidelines  and  approved  by  the  institutional  animal  care  and  use  committee. 

Sampling  protocol  A.  All  blood  sampling  was  conducted  between  1200  and 
1600  h to  control  for  any  possible  effects  of  circadian  rhythm.  Sampling  times  were 
recorded  for  each  individual  to  test  for  effects  of  sampling  order.  Initial  blood  samples  (3 
ml)  were  obtained  from  60  alligators  usually  within  1 min  of  capture.  All  blood  samples 
during  experiments  were  obtained  by  cardiac  puncture  with  a heparinized  syringe  after 
securing  jaws  with  a rubber  band.  Urine  samples  were  obtained  by  insertion  of  a fire- 
polished  glass  tube  past  the  urodeal  sphincter  immediately  after  each  animal  was  bled. 
Weight  and  length  were  then  recorded,  and  colored  flagging  tape  was  tied  around  the 
neck  of  each  animal.  A unique  number  was  written  on  the  tape  using  permanent  ink,  and 
each  alligator  was  then  placed  into  a new,  temperature  controlled  enclosure  (29  ± 2.4  °C; 
3 x 8 ft  enclosures)  with  about  100  gallons  of  either  freshwater  or  saltwater  (15  ± 1.5  ppt: 
1 5 cups  of  Fritz  Super  Salt  semi-liquid  synthetic  sea  salt  mixture  in  96  gallons).  Equal 
numbers  of  animals  from  each  clutch  were  used  in  both  groups  to  control  for  possible 
effect  of  clutch.  Salinity  was  checked  with  a Beckman  electrodeless  induction 
salinometer  throughout  the  experiment.  Since  alligators  are  known  to  stop  feeding  when 
exposed  to  saltwater  stress  of  10  ppt  or  higher  (Lauren,  1985),  no  animals  in  either  group 
were  fed  during  the  first  3 weeks  of  the  study.  At  the  end  of  each  week,  blood  samples 
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were  collected,  and  weight  and  length  were  measured  in  both  freshwater  and  saltwater 
groups  for  3 weeks.  Water  was  changed  during  the  hour  after  sampling.  After  the  3rd 
week,  both  groups  were  kept  in  freshwater  and  fed  pellets  daily  for  a 2-week  recovery 
period.  Blood  samples  were  taken  and  animals  were  measured  again  at  the  end  of  the  5th 
week.  Immediately  afterwards,  water  was  changed,  and  both  groups  were  exposed  to 
saltwater  (15  ppt)  and  not  fed  for  one  week  to  determine  if  animals  previously  exposed  to 
saltwater  would  have  a reduced  stress  response  compared  to  animals  exposed  to  saltwater 
for  the  first  time.  One  alligator  that  had  been  originally  exposed  only  to  freshwater  died 
before  the  6th  and  final  week  of  sampling. 

Sampling  protocol  B.  Twenty-four  hours  prior  to  each  sampling  time  described 
above,  six  animals  from  each  group  were  captured,  bled,  measured,  and  killed  by 
decapitation.  Equal  numbers  of  animals  from  each  clutch  were  selected  during  each 
sampling  time  to  control  for  possible  effect  of  clutch.  Each  alligator  was  immediately 
dissected  after  decapitation,  and  the  kidney  and  liver  were  frozen  in  liquid  nitrogen 
immediately  after  each  organ  was  removed  from  the  body  cavity.  No  more  than  20  min 
passed  between  the  initial  capture  of  an  animal  and  complete  dissection.  Later  tissues 
were  transferred  to  a -80°C  freezer  until  assayed  for  GR  mRNA  and  protein. 

Sample  Analyses 

Immediately  after  blood  sampling,  about  2 ml  of  blood  was  transferred  to  iced 
tubes  with  heparin  for  steroid  and  glucose  analyses.  The  remaining  1 ml  was  transferred 
to  tubes  with  sodium  ETOH  for  future  adrenocorticotropin  analysis.  Blood  and  urine 
samples  were  kept  on  ice  for  no  longer  than  3 hours  (much  shorter  for  sampling  times 
following  initial  samples),  and  plasma  was  separated  using  a clinical  desktop  centrifuge. 
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About  50  pi  of  blood  were  transferred  to  a glass  capillary  tube  from  the  2,  3,  and  5-week 
samples  for  hematocrit  determination.  Plasma  and  urine  samples  were  frozen  in  liquid 
nitrogen  and  later  transferred  to  an  ultra-cold  freezer  (-80°C)  and  stored  until  assayed. 

Plasma  samples  were  analyzed  for  corticosterone,  aldosterone,  and  glucose  using 
the  same  standard  radioimmunoassay  protocols  and  enzymatic-colorimetric  test 
summarized  in  Chapter  3.  Inter-  and  intra-assay  coefficients  of  variation  were  1 1.9  and 
6.8%  for  corticosterone,  14.2  and  7.4%  for  aldosterone,  and  7.3  and  2.6%  for  glucose, 
respectively.  Urinary  sodium  and  potassium  were  analyzed  with  an  atomic  absorption 
spectrophotometer. 

Real-Time  PCR 

Total  RNA  extraction  was  performed  using  RNA  STAT-60  (Tel-Test, 
Friendswood,  TX).  Briefly,  60-100  mg  of  alligator  kidney  were  homogenized  in  900  pi 
of  STAT-60.  Chloroform  (150  pi)  was  added  for  separation,  and  homogenate  was 
centrifuged  at  1 1,  900  g for  15  min  at  4 °C.  The  upper  aqueous  phase  was  transferred  to 
fresh  tubes  with  500  pi  of  STAT-60,  and  the  separation  step  was  repeated.  RNA  was 
precipitated  by  adding  500  pi  of  isopropanol  to  the  aqueous  phase  and  incubating  it  at 
room  temperature  for  10  min.  Samples  were  centrifuged  at  1 1,900  g for  45  min  at  4 °C. 
RNA  pellets  were  washed  twice  in  75%  ethanol.  RNase  secure  and  DNAfree  (Ambion) 
were  used  to  rid  samples  of  RNAses  and  DNA,  respectively.  All  samples  underwent  two 
rounds  of  DNAfree  since  DNA  contamination  of  RNA  samples  was  a concern.  A 10  pi 
aliquot  of  each  sample  was  used  to  check  RNA  integrity  by  gel  electrophoresis.  Total 
RNA  samples  were  stored  in  an  ultra-cold  freezer  (-80  °C)  in  five  aliquots  per  animal  to 
minimize  effects  of  thawing  and  freezing.  RNA  concentrations  and  purity  ratios  were 
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determined  by  an  Eppendorf  Biophotometer  (260  nm,  1 :50  dilution  in  triplicate) 
immediately  prior  to  RT-PCR  assay.  Total  RNA  concentrations  were  corrected  so  that 
final  reaction  concentration  was  1 pg. 

Primer  Express  software  (Perkin  Elmer-Applied  Biosystems,  Foster  City,  CA) 
was  used  to  select  the  appropriate  primers  and  probe  sequences  (Table  5.1)  from  the 
alligator  GR  cDNA  fragment  cloned  in  Chapter  4 (GenBank  accession  number 
AF525750).  The  fluorogenic  probe  was  purchased  from  Applied  Biosystems  (Foster 
City,  CA;  product  #450025)  and  contained  a reporter  dye  (6-carboxy-fluorescein  or 
FAM)  tagged  to  a 5'-end  nucleotide  and  a quencher  dye  (6-carboxy- 
tetramethylrhodamine  or  TAMRA)  tagged  to  a 3'-end  nucleotide.  The  Brilliant  Two-Step 
Quantitative  RT-PCR  Core  Reagent  Kit  (Stratagene,  La  Jolla,  CA)  was  used  for  cDNA 
synthesis  from  total  RNA  and  cDNA  amplification  using  an  ABI  PRISM  7700  Sequence 
Detection  System  (“TaqMan”,  Applied  Biosystems).  Reactions  were  optimized  by 
testing  various  primer  annealing  temperatures  and  concentrations  of  primers,  probes, 
MgCl,  and  sample  template.  Final  concentrations  and  reactions  volumes  are  listed  in 
Tables  5.2  and  5.3. 

Reaction  tubes  for  synthesizing  first- strand  cDNA  were  incubated  in  a thermal 
cycler  (with  heated  lid)  at  45°C  for  30  min  followed  by  incubation  at  95  °C  for  3 min  to 
inactivate  the  StrataScript  RT.  To  control  for  possible  DNA  contamination  of  RNA 
samples  and  reaction  reagents,  I prepared  tubes  with  no  enzyme  and  no  template  prior  to 
the  reaction.  All  tubes  were  then  placed  on  ice  for  subsequent  use  in  the  PCR 
amplification  protocol.  Reactions  for  amplifying  the  cDNA  template  were  prepared  in 
duplicate  using  microcentrifuge  plates  (MicroAmp  optical  96-well  reaction  plate  and 
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optical  caps).  Standards  were  produced  from  cloned  alligator  GR  cDNA  (stored  in 
plasmid)  in  the  following  dilutions:  1 fg,  10  fg,  100  fg,  1 pg,  10  pg,  100  pg.  Standard 
dilutions  were  included  in  every  plate.  To  control  for  possible  DNA  contamination  of 
PCR  reagents,  I prepared  no  template  controls  using  PCR  water  instead  of  template. 

Plates  were  centrifuged  briefly  to  ensure  reactions  were  in  the  bottom  of  each  well  before 
placing  them  in  the  TaqMan.  The  two-step  PCR  program  was  utilized  with  an  initial 
denaturation  phase  of  10  min  at  95  °C,  40  cycles  at  95 °C  for  15  sec,  and  combined  primer 
annealing/extension  at  60°C  for  1 min.  Based  on  the  mean  threshold  cycle  for  each 
standard  dilution,  a standard  curve  was  generated  and  the  concentration  of  template 
molecules  was  calculated  for  each  sample. 

Statistics 

Statistical  analyses  were  performed  using  the  SuperANOVA  general  linear 
modeling  program  (Abacus  Concepts,  1991).  Corticosterone  (ng/ml),  aldosterone 
(pg/ml),  glucose  (mg/dl),  sodium  (mmol/1),  potassium  (mmol/1),  and  GR  mRNA  (fg/pl) 
concentrations  were  checked  for  homogeneity  of  variance  and  log  transformed  if 
required.  Linear  regressions  were  performed  among  hormones,  glucose,  and  sampling 
time  to  detect  any  associations.  Serial  data  were  subjected  to  repeated  measures  ANOVA 
and  independent  measures  were  subjected  to  two-factor  ANOVA.  A one-factor 
ANCOVA  was  performed  to  detect  effects  of  clutch  and  length  on  overall  corticosterone 
concentrations.  Mean  comparison  contrasts  were  performed  and  the  P value  for  each 
contrast  was  multiplied  by  the  number  of  comparisons  made  (Bonferroni;  Jandel 
Scientific,  1994).  All  reported  graphs  and  mean  values  (mean  ± SEM)  were  obtained 
from  raw  data.  All  statistical  significance  was  accepted  at  P < 0.05. 
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Results 

Metabolites 

Plasma  corticosterone  concentrations  ranged  from  0.01  to  70.54  ng/ml.  A 
significant  effect  of  time  on  mean  plasma  corticosterone  (P  = 0.0010)  was  observed  for 
the  first  three  weeks  with  concentrations  peaking  at  2 and  3 weeks  for  animals  maintained 
in  freshwater  and  saltwater,  respectively  (Fig.  5.1  A).  Plasma  corticosterone  between 
groups  did  not  differ  significantly  until  the  second  and  third  week  of  exposure  when 
levels  remained  higher  in  alligators  exposed  to  saltwater  (P  = 0.0293  and  0.0487, 
respectively).  Fasting  animals  maintained  in  freshwater  had  a significantly  higher  mean 
corticosterone  level  during  the  second  week  as  compared  to  the  first  week  (P  = 0.0176). 

A positive  correlation  between  corticosterone  and  capture  time  is  indicated  for  baseline 
samples  (P  = 0.0260,  Fig.  5.2).  After  the  recovery  period,  mean  corticosterone 
concentrations  decreased  dramatically  in  the  saltwater  group  (P  = 0.0070)  to  a level 
below  baseline.  An  additional  one-week  exposure  to  saltwater  caused  corticosterone 
concentrations  to  increase  again  in  both  groups.  However,  this  effect  was  not  significant 
due  to  small  sample  size  and  high  variability. 

Plasma  glucose  concentrations  ranged  from  54.7  to  157.4  mg/dl.  A 
hyperglycemic  response  was  observed  in  both  groups  after  1 week  (P  = 0.0010,  Fig 
5. IB).  A decreasing  trend  in  glucose  concentrations  was  observed  in  both  groups  with 
levels  falling  below  baseline  after  3 weeks  (P  < 0.0090).  However,  for  fasting  animals 
maintained  in  freshwater,  plasma  glucose  was  still  significantly  higher  than  initial 
samples  after  the  second  week  (P  = 0.0010).  Mean  glucose  concentrations  were 
significantly  higher  in  alligators  exposed  to  freshwater  versus  saltwater  during  the  first 
three  weeks  (P  < 0.0130).  After  the  recovery  period,  glucose  concentrations  increased 
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significantly  in  both  groups  (P  = 0.0100)  to  levels  higher  than  baseline  (P  < 0.0390). 
Levels  fell  during  the  6th  week  in  both  groups  fasted  and  exposed  to  saltwater  (P  < 
0.0840).  However,  mean  glucose  concentrations  were  significantly  higher  in  alligators 
previously  exposed  to  saltwater  (P  = 0.0100). 

Plasma  aldosterone  concentrations  ranged  from  13-187  pg/ml.  Mean 
aldosterone  concentrations  decreased  dramatically  after  1 week  (P  = 0.0010)  and  then 
increased  significantly  after  2 weeks  in  both  groups  (P  = 0.0010,  Fig.  5.3A).  By  the  3rd 
week,  levels  were  higher  in  alligators  exposed  to  freshwater  than  those  in  saltwater  (P  < 
0.0090).  A significant,  negative  correlation  was  detected  between  baseline  aldosterone 
concentrations  and  time  of  capture  (P  = 0.0001 ; Fig.  5.4).  Sodium  and  potassium  output 
was  significantly  higher  in  the  urine  of  animals  maintained  in  saltwater  versus  freshwater 
for  3 weeks  (P  = 0.0010,  Fig.  5.3B-C).  By  two  weeks  of  exposure,  the  presence  of  uric 
acid  (a  white  precipitate)  was  clearly  evident  in  the  urine  of  animals  maintained  in 
saltwater  and  was  associated  with  a reduction  of  urine  volume.  After  two  weeks  of 
fasting,  a significant  increase  of  aldosterone  was  observed  for  the  freshwater  group  (P  = 
0.0010;  Fig  5.3A)  along  with  a significant  decrease  in  sodium  output  (P  = 0.0040). 
Urinary  potassium  decreased  significantly  between  week  1 and  3 in  fasting  alligators 
maintained  in  saltwater  (P  = 0.0010).  After  the  recovery  period,  mean  plasma 
aldosterone  and  urinary  sodium  returned  to  levels  similar  to  baseline.  However,  urinary 
potassium  was  significantly  lower  than  initial  values  (P  = 0.0010).  Both  groups  exposed 
to  an  additional  week  of  saltwater  responded  with  lower  plasma  aldosterone  and  higher 
urinary  sodium  and  potassium  (P  = 0.0010).  No  significant  difference  between  groups 
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was  observed  except  that  animals  that  had  no  previous  exposure  to  saltwater  had 
significantly  higher  urinary  potassium  (P  = 0.0421). 

A significant  loss  of  weight  occurred  in  fasted  animals  maintained  in  saltwater  for 
3 weeks  with  the  highest  rate  of  loss  occurring  in  the  first  week  (P  < 0.0500;  Fig.  5.5).  A 
slight  decrease  in  weight  occurred  for  fasting  animals  maintained  in  freshwater  over  the 
first  two  weeks  with  a more  pronounced  decrease  occurring  during  the  3 rd  week  (P  < 
0.0232).  Although  fasted  animals  maintained  in  freshwater  were  able  to  recover  their 
initial  weight,  alligators  exposed  to  3 weeks  of  hyperosmotic  stress  were  not.  A similar 
rate  of  weight  loss  was  observed  for  both  groups  after  an  additional  week  of  exposure  to 
saltwater. 

No  significant  change  in  total  body  length  occurred  during  the  3 weeks  before 
recovery.  After  recovery,  an  average  gain  in  length  of  2.5  ± 0.2  cm  was  observed  for  all 
alligators.  An  effect  of  clutch  was  detected  on  total  mean  corticosterone.  However,  body 
length  accounted  for  nearly  all  the  variability  due  to  clutch.  One  clutch  averaged  10  cm 
larger  than  the  other.  Thus,  a significant  effect  of  size  was  found  with  smaller  alligators 
exhibiting  higher  overall,  mean  corticosterone  than  larger  animals  (P  = 0.0085). 

Mean  hematocrit  was  elevated  after  3 weeks  of  saltwater  exposure  and  was 
significantly  higher  than  the  freshwater  group  (P  < 0.0394;  18.3  versus  15.0  ± 0.3%). 
Hematocrit  levels  returned  to  similar  levels  experienced  by  the  freshwater  group  after 
recovery. 

Glucocorticoid  Receptor  mRNA 

All  standard  dilutions  and  experimental  samples  resulted  in  characteristic 
sigmoidal  curves  (Figs.  5.6  and  5.7,  respectively).  A typical  standard  curve  is  shown  in 
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Figure  5.8  with  the  calculated  concentrations  for  10  test  samples  depicted  on  the  curve  in 
red.  All  experimental  samples  fell  within  the  1 and  100  fg/pl  standards. 

Glucocorticoid  receptor  mRNA  ranged  from  2.9  - 25.3  fg/pg  total  RNA  in 
kidneys  of  juvenile,  female  alligators.  Significant  alterations  of  GR  mRNA  were 
observed  over  time  and  between  groups  (P  = 0.0005,  Fig.  5.9).  An  upregulation  was 
observed  for  fasted  alligators  maintained  in  freshwater  for  one  week  (P  = 0.0230)  while  a 
downregulation  was  observed  for  fasted  alligators  maintained  in  saltwater  (P  = 0.0517). 
However,  both  groups  experienced  a decrease  in  mean  GR  mRNA  levels  after  two  weeks 
with  the  saltwater  group  experiencing  significantly  lower  levels  on  the  3rd  week  as 
compared  to  baseline  (P  = 0.0050).  After  recovery,  animals  previously  exposed  to 
saltwater  exhibited  lower  mean  GR  mRNA  concentrations  than  baseline  (P  = 0.0704), 
while  those  exposed  only  to  freshwater  recovered.  Both  groups  experienced  a 
downregulation  of  GR  mRNA  after  an  additional  week  of  saltwater  exposure  although 
the  effect  was  significant  only  in  the  group  exposed  to  saltwater  for  the  first  time.  (P  = 
0.0114) 

Patterns  of  plasma  glucose,  aldosterone,  and  urinary  ions  for  alligators  removed 
for  tissue  sampling  mostly  mimicked  those  stated  in  the  metabolite  section.  The  only 
differences  occurred  with  the  values  for  corticosterone.  Mean  baseline  was  2.3  ng/ml 
lower  for  the  six  animals  killed  24  hours  before  initial  samples  were  taken  from  the 
remaining  60  alligators,  and  6.3  ng/ml  higher  in  the  six  animals  killed  from  the 
freshwater  group  on  the  first  week  (Fig.  5.10).  However,  mean  corticosterone  levels 
from  the  freshwater  group  were  significantly  higher  than  baseline  only  on  the  2nd  week  (P 
= 0.0205).  After  recovery,  mean  corticosterone  was  about  4 ng/ml  lower  for  the 
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alligators  killed  for  tissue  samples  versus  those  sampled  the  following  day.  Thus,  the 
subsequent  increase  in  corticosterone  on  week  6 was  significant  (P  < 0.0444). 

Discussion 

Corticosterone 

Captive-reared,  fasted,  juvenile,  female  alligators  maintained  in  15  ppt  saltwater 
for  3 weeks  responded  with  significantly  higher  stress-induced  plasma  corticosterone 
than  fasted  animals  maintained  in  freshwater.  Lauren  (1985)  demonstrated  that  juvenile 
alligators  fail  to  maintain  a homeostatic  balance  of  ions  and  begin  to  die  after  4 weeks  of 
exposure  to  15  ppt  saltwater.  In  Lauren’s  study,  animals  maintained  in  saltwater  had 
higher  corticosterone  concentrations  but  ceased  eating  after  one  week  while  the  control 
group  continued  feeding.  Thus,  effects  of  fasting  were  not  controlled.  The  present  study 
indicates  a facilitation  of  the  HPA  axis  in  response  to  fasting  for  animals  maintained  in 
freshwater,  especially  during  the  first  two  weeks  of  the  experiment  (Fig.  5.9).  However, 
the  magnitude  of  the  response  was  not  nearly  as  high  as  demonstrated  by  animals  fasted 
and  exposed  to  hyperosmotic  stress  during  the  second  and  third  weeks  of  the  experiment. 
It  seems  that  different  physiological  stressors  can  induce  differential  adrenocortical 
responses  in  juvenile  alligators.  At  the  least,  a clear  additive  effect  of  two  stressors  was 
represented  by  higher  stress-induced  levels  of  corticosterone  in  the  saltwater  group. 

There  was  an  effect  of  capture  time  on  mean  baseline  corticosterone  values  for  60 
animals  sampled  at  the  beginning  of  the  experiment.  Even  though  most  of  the  alligators 
were  bled  within  1 min  of  capture,  it  took  about  3 min  to  complete  the  rest  of  the 
measurements  and  the  initial  tagging.  Thus,  about  3 hours  passed  between  when  the  first 
animal  was  captured  and  the  last  was  tagged  and  placed  into  the  experimental 
environment.  This  interesting  effect,  which  seemed  to  become  significant  after  the  first 
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hour,  indicates  that  the  alligator  HPA  axis  is  sensitive  to  psychological  stressors,  factors 
that  elicit  a response  to  the  threat  of  an  impending  adverse  condition  (De  Kar  and  Blair, 
1999).  Animals  observing  the  researcher  probably  experienced  fear  and  anxiety  in 
response  to  such  factors  as  “predator-like”  disruptions  caused  by  the  researcher  pulling 
out  alligators  from  their  original  enclosure,  and  hearing  the  alarm  calls  of  alligators  being 
sampled.  These  factors  occurred  during  each  sample  week,  but  all  subsequent  sampling 
periods  did  not  last  more  than  1 hour.  Even  the  lower  baseline  values  for  the  first  six 
animals  killed  may  indicate  effects  of  psychological  stress,  as  that  mean  is  twice  as  high 
as  the  mean  value  from  a circadian  study  of  plasma  corticosterone  in  juvenile  alligators 
(see  Chapter  3).  The  more  realistic  values  for  baseline  plasma  corticosterone  occurred 
after  recovery  during  the  fifth  week  of  the  experiment.  Repeating  the  experiment  by 
tagging  alligators  and  moving  them  into  experimental  enclosures  with  freshwater  several 
weeks  before  starting  the  experiment  would  alleviate  effects  of  psychological  stress 
during  baseline  sampling. 

Although  mean,  stress-induced  levels  of  plasma  corticosterone  in  alligators  rarely 
exceed  20  ng/ml  (Lance  and  Elsey,  1999;  Lance  and  Elsey,  1986;  Lauren,  1985;  Lance 
and  Lauren,  1984),  individual  concentrations  can  be  much  higher.  In  the  present  study, 
one  animal  maintained  in  saltwater  had  a corticosterone  concentration  slightly  over  70 
ng/ml.  This  is  extraordinarily  high  for  an  alligator.  In  fact,  only  10%  of  the  animals  in 
this  study  had  plasma  corticosterone  concentrations  that  exceeded  30  ng/ml  on  either  the 
2nd  or  3rd  week  of  the  study.  Although  size  accounted  for  the  variability  due  to  clutch, 
with  smaller  alligators  having  overall  higher  plasma  corticosterone,  it  is  interesting  to 
note  that  the  three  alligators  with  the  highest  corticosterone  concentrations  were  larger 
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than  average  length  and  were  from  the  same  clutch.  No  doubt  genetics  play  a role  in  the 
cellular  composition  of  the  adrenal  gland,  thereby  determining  maximal 
corticosteroidogenic  capacity  and  sensitivity  setpoints  to  adrenocorticotropin  (ACTH). 
Glucose 

Alligators  have  much  lower  metabolic  rates,  even  at  high  temperatures,  than 
endotherms.  Studies  have  demonstrated  that  fasting  alligators  can  maintain  high  glucose 
levels  for  up  to  two  weeks  (Coulson  and  Hernandez,  1 983).  In  the  present  study, 
hyperglycemia  was  experienced  by  fasting  alligators  in  both  groups  during  the  first  week 
and  persisted  for  two  weeks  for  animals  maintained  in  freshwater.  A dramatic  difference 
in  plasma  glucose  was  observed  between  groups  especially  after  two  weeks.  Mean 
plasma  glucose  was  much  lower  in  alligators  exposed  to  chronic  hyperosmotic  stress. 
These  data  indicate  that  a significantly  higher  amount  of  energy  is  being  used  for 
maintenance  of  ionic  homeostasis  in  alligators  exposed  to  saltwater.  Thus,  the  hypothesis 
that  the  energy  requirements  required  for  homeostasis  increase  with  increasing  severity  of 
physiological  stressors  is  supported. 

A two-week  fast  is  a mild  chronic  stressor  for  juvenile  alligators  between  50  - 70 
cm  (total  length).  However,  after  three  weeks,  alligators  in  both  groups  experienced 
hypoglycemia  that  was  particularly  severe  in  those  exposed  to  saltwater.  The  dramatic 
drop  in  mean  glucose  levels  experienced  by  the  freshwater  group  between  week  2 and  3 
was  coupled  with  a higher  rate  of  weight  loss.  This  may  be  the  first  study  to  examine 
effects  of  fasting  on  plasma  metabolites  in  juvenile  alligators  maintained  in  warm 
temperatures  for  three  weeks.  Although  some  reptiles,  such  as  alligators,  are  known  to 
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survive  long  periods  of  time  without  food,  three  weeks  seems  to  be  approaching  the 
physiological  limit  for  juvenile  alligators  of  this  size  class  maintained  at  29  °C. 

The  mechanism  by  which  alligators  maintain  elevated  glucose  during  chronic 
stress  is  not  known.  Possibilities  include  gluconeogenesis  promoted  by  high 
corticosterone  output,  sympathetic  effects  on  liver  and  fat  promoting  glucose  release  and 
lypolysis,  and/or  a decrease  in  insulin  sensitivity  that  reduces  peripheral  tissue  uptake  of 
glucose  (La  Fleur  et  al.,  1999).  The  reduced  plasma  glucose  on  the  third  week  and  the 
relatively  high  plasma  corticosterone  and  loss  of  body  weight  indicate  that  energy  stores 
(in  terms  of  fat  and  muscle  protein)  are  being  utilized  and  at  a faster  rate  by  animals 
exposed  to  the  additive  stress  of  saltwater.  Consequently,  it  is  not  merely  the  type  of 
stress  but  also  its  duration  that  determine  whether  an  animal  will  be  able  to  adapt  and 
maintain  homeostasis.  Clearly,  fasted  juvenile  alligators  will  eventually  die,  but  they 
most  certainly  will  die  faster  with  the  added  effects  of  hyperosmotic  stress. 

Aldosterone  and  Urinary  Ions 

There  was  an  overall  suppression  of  plasma  aldosterone  in  response  to  three 
weeks  of  fasting  and  hyperosmotic  stress  in  juvenile,  female  alligators.  These  data  are 
the  first  to  support  the  hypothesis  that  chronic  stress  inhibits  aldosterone  in  a reptile. 
Decreased  mean  aldosterone  was  expected  for  alligators  maintained  in  saltwater  for  one 
week,  but  not  for  fasted  animals  in  freshwater.  Several  recent  studies  have  shown 
decreases  in  plasma  aldosterone  in  response  to  chronic  stress  or  administration  of  ACTH 
(Suwa  et  al. , 2000;  Aguilera  et  al.,  1996).  Reduced  aldosterone  after  ACTH 
administration  was  due  to  decreased  aldosterone  synthase  activity,  which  inhibited  the 
late  biosynthetic  pathway  (deoxycorticosterone  to  aldosterone)  in  the  rat  adrenal  cortex 
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(Suwa  et  al,  2000).  If  similar  effects  of  the  HPA  axis  occur  in  alligators,  then  the 
indication  that  alligators  were  experiencing  psychological  stress  during  the  baseline 
sampling  period  is  further  supported  by  the  highly  significant,  negative  correlation 
between  time  of  capture  and  plasma  aldosterone.  Studies  aimed  at  describing  the 
biosynthetic  pathways  in  reptilian  adrenals  and  developing  assays  for  reptilian  ACTH  are 
required  before  any  progress  can  be  made  to  determine  if  similar  mechanisms  are  at 
work. 

A significant  elevation  of  mean  aldosterone  occurred  in  both  groups  between  the 
first  and  second  week,  although  the  levels  were  still  below  baseline.  In  the  freshwater 
group,  this  elevation  of  aldosterone  was  coupled  with  a decrease  in  urinary  sodium 
indicating  sodium  reabsorption  was  occurring.  Thus,  even  under  possible  inhibitory 
effects  from  the  HPA  axis,  aldosterone  concentrations  as  low  as  ~60  pg/ml  can  promote 
sodium  reabsorption  in  fasted  juvenile  alligators. 

Certain  species  of  crocodilians  possess  lingual  salt  glands  that  enable  them  to 
maintain  plasma  electrolyte  homeostasis  along  a salinity  gradient  (Grigg,  1981). 
Moreover,  the  ability  to  discriminate  between  fresh  and  saltwater  and  resist  drinking  the 
latter  is  crucial  to  the  successful  adaptation  of  Crocodylus  niloticus  and  C.  porosus  to 
hyperosmotic  environments  (Taplin  and  Loveridge,  1988).  Functional  lingual  salt  glands 
are  absent  in  alligators,  and  they  show  no  ability  to  resist  drinking  saltwater  (Taplin  et  al., 
1982).  Thus,  juvenile  alligators,  as  well  as  the  alligatorid  relative,  Caiman  sclerops,  fail 
to  maintain  osmotic  homeostasis  in  hyperosmotic  environments  largely  due  to  absorption 
of  salts  from  the  gut  and  loss  of  water  through  the  integument  (Lauren,  1985;  Bentley  and 
Schmidt-Nielson,  1965). 
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Lauren  (1985)  found  increased  urine-to-plasma  ratios  of  sodium  in  alligators 
exposed  to  1 5 ppt  saltwater.  In  the  present  study,  urinary  sodium  was  similarly  elevated 
in  the  saltwater  group.  Coupled  with  decreased  plasma  aldosterone  and  urine  volume,  the 
higher  urinary  sodium  must  be  due  to  a reduction  in  the  glomerular  filtration  rate  (GFR) 
and/or  reabsorption  of  water  from  the  filtrate.  Antidiuretic  effects  of  arginine  vasotocin 
(AVT),  the  antidiuretic  hormone  of  nonmammalian  vertebrates,  have  been  documented  in 
birds  and  water  snakes  (Braun  and  Dantzler,  1984;  Dantzler,  1967).  Development  of  a 
homologous  assay  for  AVT  in  reptiles  is  necessary  to  clarify  these  data  and  discover  the 
role  of  AVT  in  regulating  GFR  and  distal  tubular  and  coprodeal  water  permeabilities. 

Urinary  potassium  was  markedly  elevated  in  alligators  maintained  in  saltwater 
during  the  first  week  but  then  gradually  decreased  the  following  two  weeks.  This 
decrease  contradicts  the  results  of  Lauren  (1985)  who  showed  an  increase  in  urinary 
potassium  output  greater  than  35  mmol/1  on  the  second  and  third  weeks  in  juvenile 
alligators  maintained  in  1 5 ppt  saltwater.  Aldosterone  promotes  active  secretion  of 
potassium,  and  the  latter  study  assumed  there  was  no  decrease  in  plasma  aldosterone 
because  of  the  high  urinary  potassium.  Even  though  alligators  were  observed  to  stop 
feeding,  food  was  offered  on  a regular  basis  and  could  have  contributed  to  the  variability 
between  studies.  The  present  study  shows  a definite  decline  of  plasma  aldosterone  in 
fasting,  hyperosmotically  stressed  alligators  and  indicates  a reduction  of  potassium 
secretion.  Unfortunately,  plasma  potassium  was  not  analyzed,  so  it  is  not  known  if  this 
reduction  of  potassium  excretion  led  to  elevated  plasma  levels  or  if  low  plasma  potassium 
led  to  reduced  excretion.  Interestingly,  after  two  weeks  of  recovery  where  alligators  were 
fed  every  day,  urinary  potassium  was  extremely  low  even  while  plasma  aldosterone  was 
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very  high.  This  indicates  animals  may  have  been  “starved”  for  potassium  during  chronic 
fasting  and  that  the  mechanisms  regulating  potassium  homeostasis  are  complex.  It  is 
clear  that  other  pathways,  other  than  aldosterone  alone,  are  involved  in  the  regulation  of 
potassium  secretion  in  alligator  kidney  (Ngarmukos  and  Grekin,  2001;  Palmer  and  Frindt, 
2000). 

Alligators  are  both  ammoniotelic  and  uricotelic  animals  (Lemieux  et  al.,  1984). 
Juvenile  alligators  have  been  shown  to  switch  to  uric  acid  synthesis  and  excretion  after 
exposure  to  saltwater  in  order  to  conserve  water  and  increase  the  gradient  for  water 
reabsorption  (Lauren,  1985).  In  the  present  study,  clear  evidence  of  this  switch  first 
occurred  during  the  second  week  with  a marked  decrease  in  urinary  volume  and  the 
presence  of  a whitish  precipitate  in  alligators  maintained  in  1 5 ppt  saltwater.  The 
mechanism  for  this  switch  is  not  known,  but  Lauren  (1985)  speculated  that  high  plasma 
corticosterone  could  be  a trigger.  Glucocorticoids  do  possess  mineralocorticoid 
properties  in  fish  and  other  non-mammalian  vertebrates,  and  injections  of  cortisol  into 
alligators  increased  uric  acid  excretion  (Coulson  and  Hernandez,  1964).  I suspect  other 
factors  may  be  responsible,  such  as  depressed  aldosterone  and  elevated  plasma  sodium. 
However,  high  levels  of  corticosterone  may  have  a permissive  or  synergistic  effect  on 
this  switch. 

Recovery 

Most  metabolites  seemed  to  return  to  baseline  or  “normal”  levels  after  two  weeks 
of  recovery.  The  freshwater  group  was  able  to  recover  most  of  the  body  weight  lost  to 
fasting;  however,  the  saltwater  group  did  not.  The  majority  of  weight  loss  in  the 
saltwater  group  during  the  first  week  is  probably  attributed  to  water  loss  across  the 
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integument.  Small  alligators  and  caimans  have  been  show  to  have  some  of  the  highest 
integumental  water  permeabilities  of  all  crocodilians  tested  (Bentley  and  Schmidt- 
Nielsen,  1965).  Mean  plasma  corticosterone,  glucose,  aldosterone,  and  urinary  sodium 
recovered  to  pre-study  values.  However,  urinary  potassium  was  significantly  lower  in 
both  groups.  After  an  additional  one  week  exposure  of  all  alligators  to  saltwater,  urinary 
potassium  was  significantly  lower  in  the  experienced  group  and  plasma  glucose  was 
significantly  lower  in  the  naive  group.  In  fact,  one  week  of  hyperosmotic  stress  after 
recovery  failed  to  elicit  the  hyperglycemic  response  demonstrated  by  both  groups  during 
the  very  first  week  of  chronic  stress.  It  seems  that  two  weeks  of  recovery  are  not  enough 
for  the  return  of  alligators  exposed  to  three  weeks  of  fasting  or  fasting  + hyperosmotic 
stress  to  a complete  pre-experimental  physiological  condition.  Perhaps  this  evidence  of 
varying  physiological  condition  is  somehow  adaptive  for  the  short  term.  I suspect  a 
longer  recovery  time  would  eventually  diminish  any  variation. 

Glucocorticoid  Receptor 

Chronic  fasting  and  hyperosmotic  stress  altered  concentrations  of  glucocorticoid 
receptor  mRNA  in  alligator  kidney.  For  the  most  part,  GR  mRNA  decreased  and  was 
lower  in  alligators  maintained  in  saltwater  whose  plasma  corticosterone  concentrations 
tended  to  be  higher  than  alligators  in  freshwater.  This  is  consistent  with  the  majority  of 
rodent  studies  that  show  a downregulation  of  GR  that  is  most  likely  glucocorticoid- 
induced  (Herman  and  Spencer,  1998;  Oakley  and  Cidlowski,  1993;  Kalinyak  et  al., 

1989).  Samples  from  fasted  alligators  maintained  in  freshwater  on  the  first  week  were 
the  only  exception.  A significant  increase  in  mean  GR  mRNA  was  observed  for  these 
animals.  Some  reports  have  found  an  upregulation  of  GR  mRNA  by  glucocorticoids  in 
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certain  cell  types  (Adcock  et  al.,  1995;  Sweezey  et  al.,  1995),  and  several  studies  have 
observed  an  initial  upregulation  followed  by  a downregulation  in  rat  hepatoma  tumor 
cells  and  human  lung  parenchyma  cells  exposed  to  glucocorticoids  (Adcock  et  al;  1996; 
Okret  et  al.,  1991,  1986).  However,  these  were  in  vitro  studies,  and  I was  unable  to  find 
this  latter  pattern  of  response  in  studies  utilizing  whole  tissues  or  animals. 

The  biphasic  expression  pattern  of  GR  mRNA  demonstrated  for  fasting,  juvenile, 
female  alligators  maintained  in  freshwater  may  be  unique.  Along  with  the  more  severe 
downregulation  of  GR  in  alligators  maintained  in  saltwater,  these  data  show  that  the 
severity  and  duration  of  the  stressor  have  a differential  effect  on  kidney  GR  mRNA.  In 
addition,  these  effects  lingered  as  alligators  exposed  to  three  weeks  of  saltwater  had 
significantly  lower  GR  mRNA  than  baseline  after  two  weeks  of  recovery.  Once  the 
additional  week  of  hyperosmotic  stress  was  imposed  on  both  groups,  all  alligators 
responded  with  increased  plasma  corticosterone  and  decreased  GR  mRNA.  However, 
because  of  the  lower  GR  mRNA  levels  the  previous  week  in  animals  with  chronic 
hyperosmotic  experience,  the  downregulation  that  occurred  on  the  sixth  week  was  not 
significant  in  these  alligators.  Even  more  intriguing  is  the  differential  response  of  plasma 
glucose  between  groups  on  the  sixth  week.  Alligators  with  prior  fasting  and 
hyperosmotic  experience  were  able  to  maintain  glucose  levels  within  normal  ranges 
while  those  with  only  fasting  experience  became  hypoglycemic.  Could  this  be  an 
indication  of  habituation  or  adaptation  to  chronic  hyperosmotic  stress?  A recent  study 
showed  evidence  that  chronic  stress  differentially  regulated  the  glucocorticoid  negative 
feedback  response  in  rat  hippocampus,  inducing  a hypersuppressive  state  caused  by 
partial  habituation  (Mizoguchi  et  al.,  2001).  I speculate  that  if  chronic,  stress-induced 


105 


elevations  of  corticosterone  (>  10  ng/ml)  are  detrimental  to  alligators,  a shift  to  lower  the 
basal  concentration  of  GR  would  help  the  animal  resist  the  negative  effects  of  a future 
exposure  to  stress. 

This  study  provides  new  insights  into  the  effects  of  fasting  and  hyperosmotic 
stress  on  alligator  physiology  and  regulation  of  GR  in  alligator  kidney.  This  is  the  first 
study  to  measure  effects  of  chronic  stress  on  reptilian  kidney  GR  mRNA  and  supports  the 
hypothesis  that  chronic  stress  alters  the  expression  of  GR  mRNA  and  is  associated  with 
increases  in  plasma  corticosterone.  The  physiological  significance  of  a downregulation 
of  kidney  GR  during  chronic  stress  in  the  alligator  is  unknown  and  difficult  to  predict 
especially  when  the  physiological  function  of  corticosterone  is  poorly  understood  in 
reptiles.  When  toad  bladder  was  treated  with  carbenoxolone,  a potent  inhibitor  of  1 1B- 
HSD2  (the  enzyme  that  converts  corticosterone  to  a biologically  inactive  form), 
corticosterone  induced  a rise  in  sodium  transport  similar  to  that  observed  with 
aldosterone  (Brem  et  al,  1993).  If  activation  of  kidney  GR  in  alligator  increases  sodium 
reabsorption,  it  would  be  beneficial  to  respond  with  a downregulation  of  GR  mRNA 
when  faced  with  hyperosmostic  stress.  Whatever  the  function  of  corticosterone  in 
alligator  kidney,  it  is  probable  that  a decrease  in  kidney  GR  concentration  will  reduce  the 


action  of  this  hormone. 
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Table  5.1 : Oligonucleotides  used  as  primers  and  probe  for  real-time  PCR. 


Function 

Sequence  (5'-3') 

Position 

Forward  primer 

TCA  TTG  AAA  AAT  CCG  GAG  AAA 

56-77 

Reverse  primer 

CAT  GCC  AGC  TTG  CAG  ACA  TT 

123  - 104 

Probe 

CCC  GCA  TGC  CGC  TAC  CGG 

85  - 102 

Table  5.2:  Experimental  reaction  for  synthesizing  first-strand  cDNA.  Total  reaction 
volume  = 10  pi. 


Volume  (pi) 

Reaction  Component 

5.5 

RNA  (1  pg) 

1 

lOx  core  RT  buffer 

1 

Random  primers  ( 1 00  ng/pl) 

2 

dNTP  mix  (20  mM) 

0.5 

StrataScript  RT  (20  U/pl) 

Table  5.3:  Experimental  reaction  for  amplifying  the  cDNA  template.  Reaction  volumes 
stated  in  the  Stratagene  Instruction  Manual  were  halved  to  conserve  reagents.  Total 
reaction  volume  = 25  pi. 


Volume  (pi) 

Reaction  Component 

1 

cDNA  sample 

2.5 

1 Ox  core  PCR  buffer 

0.75 

Magnesium  chloride  (50  nM) 

1 

dNTP  mix  (20  mM) 

1.5 

Forward  primer  (300  nM) 

1.5 

Reverse  primer  (300  nM) 

1 

Probe  (200  nM) 

15.5 

Nuclease-free  PCR  grade  water 

1 0.25 

SureStart  Taq  DNA  polymerase  (5  U/pl) 
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Figure  5.1:  Mean  corticosterone  (A)  and  glucose  (B)  concentrations  for  juvenile  female 
alligators  exposed  to  3 weeks  of  a novel  freshwater  or  saltwater  environment.  Both 
groups  were  fasted  and  then  placed  in  freshwater  and  fed  for  a two-week  recovery  period. 
Remaining  alligators  in  both  groups  were  fasted  again  exposed  to  an  additional  week  of 
saltwater  after  the  recovery  period.  Sample  sizes  are  indicated  above  each  bar  (graph  A) 
and  decrease  over  time  because  of  removal  of  animals  for  tissue  sampling.  One  animal  in 
the  freshwater  group  died  during  the  final  week  of  the  experiment. 
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Initial  Capture  Time 


Figure  5.2:  Scatterplot  of  plasma  corticosterone  versus  capture  time  for  initial  samples 
taken  from  60  juvenile  female  alligators  (P  = 0.0070  and  R2  = 0.183). 
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Figure  5.3:  Mean  plasma  aldosterone  (A)  and  urinary  sodium  (B)  and  potassium  (C) 
concentrations  for  juvenile  female  alligators  exposed  to  3 weeks  of  a novel  freshwater  or 
saltwater  environment.  Both  groups  were  fasted  and  then  placed  in  freshwater  and  fed 
for  a two-week  recovery  period.  Remaining  alligators  in  both  groups  were  fasted  again 
exposed  to  an  additional  week  of  saltwater  after  the  recovery  period.  Sample  sizes  are 
indicated  above  each  bar  (graph  A)  and  decrease  over  time  because  of  removal  of  animals 
for  tissue  sampling.  One  animal  in  the  freshwater  group  died  during  the  final  week  of  the 
experiment. 
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Figure  5.4:  Scatterplot  of  plasma  aldosterone  versus  capture  time  for  initial  samples  taken 
from  60  juvenile  female  alligators  (P  = 0.0001;  R2  = 0.489). 
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Figure  5.5:  Weight  loss  of  juvenile  female  alligators  exposed  to  3 weeks  of  a novel 
freshwater  or  saltwater  environment,  a 2-week  recovery  period,  and  an  additional  week  of 
saltwater  exposure.  Weight  loss  is  plotted  as  a percentage  of  initial  body  weight  and 
compared  to  the  calculated  water  loss  of  Caiman  sclerops  in  33  ppt  seawater,  1.7% 
loss/day  (Bentley  and  Schmidt-Nielson,  1965).  All  animals  were  fasted  except  during  the 
recovery  period.  Sample  sizes  are  indicated  on  the  graph  and  each  week  includes  animals 
killed  the  previous  day. 
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Figure  5.6:  Actual  TaqMan  print-out  of  a typical  standard  curve  for  alligator  kidney  GR 
mRNA.  The  more  cycles  (x-axis)  required  to  reach  the  threshold  level  of  template,  the 
lower  the  initial  template  concentration. 


Figure  5.7:  Actual  TaqMan  print-out  of  10  samples  from  alligator  kidney.  Real-time  PCR 
was  used  to  quantify  kidney  GR  mRNA. 
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Figure  5.8:  Standard  curve  generated  by  real-time  PCR  of  alligator  GR  cDNA  (marked 
with  black  data  points)  with  10  samples  from  alligator  kidney  overlayed.  All  samples  fell 
between  1 and  100  fg/pg  total  RNA. 
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Figure  5.9:  Mean  kidney  glucocorticoid  receptor  mRNA  concentrations  of  juvenile 
female  alligators  exposed  to  3 weeks  of  a novel  freshwater  or  saltwater  environment,  a 2- 
week  recovery  period,  and  an  additional  week  of  saltwater  exposure.  Both  groups  were 
fasted  except  during  the  recovery  period.  N = 6 for  all  groups  except  for  the  freshwater 
group  during  week  6 where  one  animal  died.  See  Figure  5.10  for  corresponding  plasma 
corticosterone  concentrations. 
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Figure  5.10:  Mean  plasma  corticosterone  concentrations  from  juvenile  female  alligators 
exposed  to  3 weeks  of  a novel  freshwater  or  saltwater  environment,  a 2-week  recovery 
period,  and  an  additional  week  of  saltwater  exposure.  Both  groups  were  fasted  except 
during  the  recovery  period.  N=  6 for  all  groups  except  for  the  freshwater  group  during 
week  6 where  one  animal  died.  These  data  are  from  animals  killed  for  tissue  collection 
and  kidney  GR  mRNA  analysis  (see  Fig.  5.9). 


CHAPTER  6 

CAN  A MAMMALIAN  ANTIBODY  DETECT  ALLIGATOR 
GLUCOCORTICOID  RECEPTORS  USING  WESTERN  BLOT? 

Introduction 

In  the  early  1970’s,  polyacrylamide  gel  electrophoresis  was  a standard  procedure 
in  every  laboratory  that  analyzed  and  purified  proteins.  In  general,  this  procedure  uses  an 
electric  current  to  separate  mixtures  of  proteins  into  a pattern  of  bands.  Smaller  proteins 
travel  faster  through  the  gel  towards  the  positive  pole,  and  larger  proteins  linger  behind. 
When  known  molecular  weight  standards  are  co-electrophoresed  on  the  gel  with  mixtures 
of  unknowns,  protein  identification  based  on  molecular  weight  can  be  estimated. 
However,  when  more  powerful  analyses  are  required,  such  as  determining  binding 
activity  of  a protein  with  a particular  band  on  the  gel,  the  porous  nature  of  the  gel  makes 
this  very  difficult  to  accomplish. 

Towbin  et  al.  (1979)  described  a procedure  (Western  blot)  for  transferring 
proteins  from  a polyacrylamide  gel  to  a sheet  of  nitroceullulose  resulting  in  a replica  of 
the  original  banding  pattern.  Proteins  are  immobilized  on  the  nitrocellulose  membrane 
and  can  therefore  undergo  a variety  of  analyses  including  identification  and 
quantification  via  specific  antibodies  directed  against  a protein  of  interest.  All  sites  on 
the  membrane  that  do  not  contain  blotted  protein  from  the  gel  can  be  “blocked”  to 
prevent  non-specific  binding  of  antibody.  To  detect  a specific  protein,  one  dilutes  the 
primary  antibody  appropriately  and  incubates  it  with  the  membrane.  If  there  are 
corresponding  antigens  present  on  the  membrane,  antibodies  will  bind  to  them  while  all 
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unbound  antibodies  are  washed  away  after  incubation.  In  order  to  detect  the  antibodies 
bound  to  protein,  one  incubates  secondary  anti-immunoglobulin  antibodies  coupled  to  a 
reporter  group  (e.g.,  one  that  can  be  detected  by  a chemiluminescent  reaction)  with  the 
membrane.  These  bind  to  the  primary  antibody  and,  after  washing  all  unbound  secondary 
antibody,  a reaction  solution  is  added  that  causes  the  reporter  group  to  become  visible 
and  expose  the  protein  band  with  bound  primary  antibody. 

The  glucocorticoid  receptor,  a ~94  kDa  intracellular  protein,  belongs  to  a family 
of  ligand-activated  transcription  factors  that  bind  to  nuclear  DNA  and  influence 
transcription  of  specific  genes  in  target  cells  (Bamberger  et  al.,  1996).  Although 
glucocorticoid  hormones  (cortisol  and  corticosterone)  can  bind  with  the  closely  related 
mineralocorticoid  receptor,  physiological  effects  of  these  hormones  during  stress  are 
mediated  by  binding  with  glucocorticoid  receptors  (GR).  Studies  have  demonstrated  that 
the  magnitude  of  the  biological  response  elicited  by  GR  is  proportional  to  the  number  of 
cellular  receptors  (Bloom  et  al.,  1980).  GR  concentration  may  be  the  limiting  factor  in 
the  signal  transduction  pathway  leading  to  stress-induced,  transcriptional  alterations. 

Thus,  studies  aimed  at  identifying  and  quantifying  GR  from  different  tissues  under 
varying  conditions  serve  as  the  basis  for  eventually  discovering  how  glucocorticoids 
induce  such  a diversity  of  effects  on  animal  physiology. 

Antibody  production  for  homologous  analysis  of  proteins  using  Western  blot  can 
be  costly  and  time  consuming.  Heterologous  assays  that  detect  GR  seem  to  work  well 
among  mammalian  species.  Antibodies  designed  against  human  or  rodent  antigens  are 
used  extensively  to  measure  protein  concentrations  in  bird  and  fish.  For  example,  an 
antibody  directed  against  residues  1 8-24  of  human  ACTH  was  used  successfully  to 
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determine  plasma  levels  of  ACTH  in  several  species  of  fish  (Norris  et  al.,  1 999).  My 
attempt  to  quantify  plasma  adrenocorticotropin  from  stressed  alligators  and  sea  turtles 
using  an  ACTH  assay  validated  for  sheep  (Wood  et  al.,  1993)  resulted  in  many  samples 
falling  below  detectable  limits  (unpublished  data).  This  may  mean  that  ACTH  levels  are 
extraordinarily  low  in  these  species.  However,  reptilian  ACTH  may  differ  from 
mammalian  ACTH  in  a number  of  amino  acids  thereby  increasing  the  probability  for 
reduced  affinity  to  the  mammalian  antibody.  To  my  knowledge,  there  is  no  study  that 
has  quantified  GR  protein  in  crocodilian  tissues.  These  types  of  studies  are  elementary  in 
the  field  of  human  and  rodent  glucocorticoid  physiology  and  number  in  the  thousands. 
The  rarity  of  such  data  in  the  reptilian  literature  is  a testament  to  our  ignorance  of 
reptilian  stress  physiology. 

Cidlowski  et  al.  (1990)  synthesized  two  peptides  corresponding  to  amino  acid 
residues  245-259  and  346-367  of  the  human  glucocorticoid  receptor  (designated  59  and 
57,  respectively).  These  proteins  were  then  used  as  antigens  to  develop  epitope-specific 
antibodies.  Unlike  some  other  antibodies,  antibodies  59  and  57  interact  with  human, 
mouse,  and  rat  GR  in  a variety  of  physical  states.  They  can  bind  with  both  activated  and 
unactivated  forms  of  GR  and  even  form  stable  complexes  when  the  GR  is  associated  with 
DNA.  These  antibodies  have  been  successfully  used  in  immunohistochemistry, 
immunoprecipitation,  gel  shift,  and  Western  blot  procedures. 

This  study  tests  whether  antibody  59  detects  GR  protein  in  a variety  of  alligator 
tissues.  Western  blot  are  performed  on  alligator  liver,  kidney,  and  brain  to  visualize  total 
tissue  protein  and  attempt  to  identify  the  band  corresponding  to  GR  protein.  It  is  highly 
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desirable  that  a heterologous  assay  functions  because  it  can  be  costly  and  time  consuming 
to  design  a homologous  antibody. 

Hypotheses  and  Predictions 

I expect  to  be  able  to  visualize  total  proteins  from  alligator  tissues  after 
polyacrylamide  gel  electrophoresis.  Since  tissues  differ  in  their  protein  complement,  I 
expect  differences  in  total  protein  banding  patterns  among  tissues.  Differences  may  also 
occur  between  species  (alligator  versus  mouse).  Success  of  the  Western  blot  in 
identifying  alligator  GR  is  primarily  dependent  on  how  similar  the  corresponding  amino 
acid  sequences  are  to  the  human  GR  sequences  used  to  develop  antibody  59.  The  higher 
the  sequence  identity  the  higher  the  probability  the  antibody  will  detect  alligator  GR. 
Thus,  if  no  proteins  are  detected  by  Western  blot,  I can  assume  there  are  sufficient 
differences  between  alligator  and  human  GR  to  recommend  development  of  a 
homologous  antibody  against  alligator  GR. 

Materials  and  Methods 

Liver  and  kidney  samples  were  obtained  from  juvenile  alligators  killed  by 
decapitation  in  the  study  reviewed  in  Chapter  5 and  from  a juvenile  alligator  donated  by  a 
local  alligator  farm.  Alligator  brain  was  donated  by  Trenton  Schoebe.  Alligator  tissues 
were  first  snap  frozen  in  liquid  nitrogen  immediately  after  removal  from  the  body  and 
then  stored  at  -80  °C  until  assayed.  Mouse  liver  and  kidney  samples  were  prepared  as 
controls  (using  whole  organs)  from  a freshly  killed  mouse  anesthetized  intramuscularly 
with  ketamine  hydocholoride  (100  mg/kg  body  weight;  Parke-Davis,  Morris  Plains,  NJ). 
The  care  and  experimental  use  of  animals  were  within  institutional  guidelines  and 
approved  by  the  institutional  animal  care  and  use  committee. 
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Each  tissue  sample  (~200mg)  was  placed  in  500  pi  of  ice-cold  PBS  buffer  (PBS: 
0.01  M Na2HPC>4,  0.1  M NaCl,  pH  7.4,  and  1:1000  protease  inhibitors)  and  homogenized 
using  a Polytron  homogenizer.  Homegenates  were  subjected  to  centrifugation  at  100,000 
x g for  1 h.  Protein  content  of  tissue  supernatants  was  determined  by  the  BCA  Protein 
Assay  Kit  (Pierce,  Rockford,  IL)  using  bovine  serum  albumin  as  a standard.  Briefly, 
aliquots  of  supernatants  were  diluted  using  double-distilled  H2O  (ddH20).  Aliquots  of 
75  pi  of  undiluted  and  diluted  samples  were  placed  in  microtiter  plate  wells.  The  kit’s 
matrix  reagent  (75  pi)  was  then  added  to  each  well  and  incubated  at  37  °C  for  30  min. 
After  cooling,  the  plate  was  read  on  a microtiter  plate  reader  at  590  nm  (EL  3 12e,  Biotek 
Instruments,  Winooski,  VT),  and  the  optical  density  readings  were  converted  to  protein 
values. 

Proteins  were  separated  in  denaturing  sodium  dodecyl  sulfate  (SDS)/7.5% 
polyacrylamide  gels  (100  pg  of  tissue  sample  per  lane)  using  a Bio-Rad  minigel 
apparatus  at  1 00  V for  about  1 h.  After  electrophoresis,  proteins  were  blotted  onto  a 
nitrocellulose  membrane  at  100  V for  1 .5  h.  Transfer  buffer  started  at  4°C  and  the  entire 
minigel  apparatus  was  immersed  in  ice  for  the  duration  of  the  transfer.  Blots  were  rinsed 
in  ddH20,  briefly  stained  with  Ponceau  Red  to  visualize  transferred  proteins,  and  then 
washed  again  in  dd^O.  Blots  were  blocked  for  1 h on  a shaker  at  room  temperature 
with  5%  non-fat  dry  milk  in  TBS-T  (1M  Tris-HCL,  5M  NaCl,  0.1%Tween  20). 
Membranes  were  then  incubated  with  antibody  59  against  GR  (5  pg/ml;  PA1-512, 
Affinity  BioReagents,  Golden,  CO)  on  a shaker  overnight  at  4°C.  After  serial  washes  (5 
x 6 min  in  TBS-T),  membranes  were  incubated  with  a peroxidase  conjugated  secondary 
antibody  (anti-rabbit  for  GR,  1 :5000;  Amersham)  for  1 h on  a shaker  at  room  temperature 
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followed  by  another  series  of  washes.  To  detect  specific  GR  proteins,  I incubated 
membranes  with  Pierce  Super  Signal  Chemiluminescent  Solution  for  5 min  at  room 
temperature.  Proteins  were  imaged  using  the  Alpha  Innotec  System  (Bio-Rad). 
Supporting  evidence  for  the  identity  of  GR  proteins  was  obtained  by  comparison  with 
molecular  weight  standards  co-electrophoresed  on  each  gel. 

Results 

Visualization  of  proteins  using  Ponceau  Red  showed  that  proteins  were 
transferred  successfully  to  membranes  (Fig.  6.1,  6.2).  Total  protein  banding  patterns 
differed  among  tissues  and  animals.  For  example,  highest  molecular  weight  proteins 
were  observed  in  both  mouse  and  alligator  livers.  However,  a protein  of  about  140  kDa 
was  heavily  represented  in  mouse  but  not  alligator  liver. 

Western  blot  revealed  strong  bands  at  -94  kDa  (representing  GR)  for  mouse  liver 
and  brain  (Fig.  6.3).  Similar  molecular  weight  bands  for  mouse  kidney  were  detected  but 
were  much  fainter.  Fuzzy  bands  were  observed  at  -94  kDa  for  alligator  liver,  were 
fainter  for  brain,  and  extremely  faint  in  kidney.  Strong  bands  at  various  molecular 
weights  also  occurred,  especially  at  ~ 45  kDa  for  mouse  kidney,  and  alligator  liver  and 
kidney.  A -68  kDa  band  was  present  in  alligator  brain,  kidney,  and  liver  that  was  not 
present  in  any  of  the  mouse  tissues. 

Discussion 

Total  protein  banding  patterns  from  alligator  and  mouse  kidney,  liver,  and  brain 
differed  among  tissues  and  between  species.  Liver  had  greater  concentrations  of  higher 
molecular  weight  proteins  than  kidney  and  brain  due  to  the  presence  of  large 
glycoproteins  common  to  liver.  A band  corresponding  to  -70  kDa  was  common  to  all 
tissues  but  was  much  less  dense  in  brain  and  extremely  faint  in  mouse  brain.  Variability 
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in  lower  molecular  weight  proteins  (e.g.,  ~30  kDa)  occurred  between  alligator  and  mouse 
brain  as  well.  The  most  obvious  variability  of  total  protein  complement  between  species 
occurred  with  liver.  Distinct  bands  at  ~1 30  kDa  were  detected  in  mouse  liver  but  were 
absent  in  alligator  liver.  Likewise,  bands  at  -210  kDa  and  -50  kDa  were  prominent  in 
alligator  but  not  mouse  livers. 

Identification  of  variable  proteins  among  samples  is  not  within  the  scope  of  this 
study.  However,  these  distinct  differences  in  protein  complement  between  mouse  and 
alligator  liver  are  interesting  and  may  be  due  to  the  difference  in  metabolism  between  an 
ectotherm  and  endotherm.  Stress  may  have  contributed  to  total  protein  variability 
because  tissues  from  alligators  were  obtained  from  stressed  animals  and  those  from 
mouse  were  not.  In  addition,  protein  degradation  may  have  occurred  in  alligator  samples. 
For  example,  it  took  about  15  min  to  remove  alligator  brain  as  compared  to  less  than  5 
min  to  remove  the  brain  from  mouse.  However,  no  smearing  of  bands  was  evident 
indicating  no  major  degradation  occurred.  Further  characterization  of  alligator  proteins 
and  purification  of  variable  bands  are  required  to  determine  if  these  protein  differences 
are  unique  to  alligator  tissues. 

Surprisingly,  no  obvious  variability  occurred  among  banding  patterns  from  kidney 
samples.  Reptilian  kidney  has  no  loop  of  Henle  and  does  not  manufacture  significant 
amounts  of  urea  as  does  mammalian  kidney  (Lemieux  et  al.,  1984).  Alligators  excrete 
nitrogenous  wastes  primarily  in  the  form  of  ammonia  and  uric  acid.  Thus,  these  distinct 
differences  in  excretory  physiology  do  not  translate  to  distinct  differences  in  kidney 
protein  complement. 
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The  antibody  used  in  this  study  did  detect  a -94  kDa  protein  representing  GR  in 
mouse  liver  and  brain.  In  addition,  a large  protein  at  -145  kDa  was  detected  in  mouse 
liver.  This  cross-reacting  protein  is  not  believed  to  be  GR  or  a GR  precursor  as  it  does 
not  bind  to  dexamethasone  (Cidlowski  et  al.,  1990).  The  same  cross-reacting  protein  was 
detected  in  alligator  liver.  The  identity  of  this  protein  is  unknown  and  may  represent 
another  member  of  the  steroid  receptor  family.  Unfortunately,  binding  of  antibody  to 
-94  kDa  protein  in  alligator  liver  was  extremely  weak  and  required  a doubling  of  total 
protein  concentration  to  visualize  (Fig.  6.4).  A faint  detection  of  a -94  kDa  was  shown 
for  alligator  brain  but  an  unknown  protein  at  -68  kDa  reacted  much  more  strongly.  This 
cross-reacting  protein  as  well  as  a smaller  protein  of  -45  kDa  was  detected  in  alligator 
liver.  These  two  smaller  proteins  were  predominant  in  alligator  kidney  but  only  the 
smallest  was  detected  in  mouse  kidney. 

Several  studies  have  revealed  an  apparent  difference  between  GR  protein  in  rat 
kidney  and  liver  (Eisen  et  al.,  1986;  Sherman  et  al.,  1983).  A smaller,  atypical  sized  band 
(-44  kDa)  was  consistently  detected  in  kidney  but  not  other  tissues.  At  first,  researchers 
suggested  that  kidney  GR  was  derived  from  a protein  distinct  from  the  typical  receptors 
found  in  most  other  tissues,  especially  since  a variety  of  protease  inhibitors  failed  to 
prevent  detection  of  the  smaller  protein.  However,  Eisen  et  al.  (1986)  demonstrated  that 
rat  kidney  cytosol  prepared  in  the  presence  of  sodium  molybdate  resulted  in  the  GR  form 
comparable  to  liver  (-94  kDa).  These  results  suggest  that  the  smaller  kidney  receptor  is 
derived  from  the  full-sized  GR  and  is  not  a distinct  protein. 

Can  the  smaller  form  of  kidney  GR  be  generated  in  vivo ? One  study  suggests  the 
possibility  and  speculates  that  this  form  of  GR  may  play  a role  in  kidney  sodium 
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transport  (Bastl  et  al.,  1984).  This  is  an  intriguing  idea.  Could  the  more  generalized 
occurrence  of  the  smaller  form  in  alligator  tissues  indicate  a more  significant  role  of 
glucocorticoids  in  sodium  regulation  in  reptiles?  I suspect  that  the  occurrence  of  the 
smaller  form  may  be  an  in  vitro  artifact  and  simply  correspond  to  less  stable  forms  of 
GR. 

Studies  of  steroid  receptors  often  utilize  sodium  molybdate  because  it  increases 
the  stability  of  the  undissociated  receptor  complex.  It  is  unknown  how  sodium 
molybdate  protects  the  kidney  GR  from  proteolysis  during  homogenization.  Molybdate 
may  be  a unique  protease  inhibitor  or  may  maintain  the  GR  in  a conformation  that  is 
inaccessible  to  protease  activity  (Eisen  et  al.,  1986;  Sherman  et  al.,  1983). 

The  homogenization  buffer  utilized  in  the  present  study  did  not  contain 
molybdate.  Thus,  the  results  obtained  for  mouse  kidney  were  typical  of  what  occurs  with 
rat  kidney  in  the  absence  of  sodium  molybdate.  The  smaller  form  of  receptor  (~44  kDa) 
was  also  detected  in  alligator  kidney  and  liver.  Preparation  of  alligator  tissues  in  the 
presence  of  molybdate  may  improve  detection  of  GR  if  the  smaller  protein  is  derived 
from  the  full-sized  alligator  receptor.  If  not,  then  antibody  59  is  inappropriate  for  use 
with  reptilian  tissues  and  development  of  a homologous  antibody  is  recommended  based 
on  the  published  alligator  GR  sequence.  In  addition,  if  the  ~68  kDa  protein  is  still 
detected  in  brain,  kidney,  and  liver  after  preparation  with  molybdate,  a unique  cross- 
reacting protein  that  does  not  occur  in  rodent  tissues  might  be  discovered.  However,  if 
this  sized  protein  disappears  after  treatment  with  molybdate,  then  evidence  for 
differences  in  the  stability  and/or  sensitivity  to  proteases  between  reptilian  and 


mammalian  GR  will  be  elucidated. 
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Figure  6.1 : Total  protein  complement  after  polyacrylamide  gel  electrophoresis  of  mouse 
and  alligator  kidney  and  liver. 
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Figure  6.2:  Total  protein  complement  after  polyacrylamide  gel  electrophoresis  of  mouse 
and  alligator  brain  (MB  and  AB,  respectively). 
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Figure  6.3:  Analysis  of  glucocorticoid  receptor  (GR)  protein  by  Western  Blot  in  various 
mouse  and  alligator  tissues.  Antibody  59  detected  full-sized  GR  protein  in  samples  of 
mouse  brain  (MB)  and  liver  (ML).  Proteins  of  lower  molecular  weight  were  detected  in 
alligator  brain  (AB),  mouse  kidney  (MK),  alligator  kidney  (AK),  and  alligator  liver  (AL) 
that  may  be  derived  from  the  full-sized  receptor. 
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Figure  6.4:  Analysis  of  glucocorticoid  receptor  (GR)  protein  by  Western  Blot  in  mouse 
liver  (ML)  and  alligator  liver  (AL).  Antibody  59  detected  full-sized  GR  protein  in  ML 
but  at  least  200  pg  of  total  protein  was  required  to  barely  detect  GR  in  alligator  liver. 


CHAPTER  7 

SUMMARY  AND  CONCLUSIONS 

The  main  objectives  of  this  dissertation  were  to  investigate  effects  of  acute  and 
chronic  stress  on  the  reptilian  adrenocortical  response  and  to  provide  the  first 
examination  of  glucocorticoid  receptor  expression  utilizing  a homologous  assay. 
Glucocorticoids  are  essential  for  the  maintenance  of  homeostasis  and  an  increase  of 
plasma  corticosterone  is  a major  facet  of  the  biological  stress  response.  Analysis  of  the 
glucocorticoid  receptor  is  fundamental  to  determining  the  function  of  corticosterone  and 
its  role  during  physiological,  physical,  and  psychological  stress. 

In  Chapter  2, 1 determined  the  effects  of  acute  handling  stress  on  plasma 
corticosterone,  glucose,  and  testosterone  concentrations  in  a marine  reptile.  Wild, 
immature  Kemp’s  ridley  turtles  responded  with  elevated  plasma  corticosterone  and 
hyperglycemia.  Significant  elevations  of  corticosterone  occurred  after  30  min  of 
captivity,  but  glucose  did  not  increase  significantly  until  1 h after  capture.  Stress-induced 
hyperglycemia  is  largely  uninvestigated  in  reptiles.  To  my  knowledge,  this  is  the  first 
study  to  demonstrate  a hyperglycemic  response  to  acute  stress  in  free-ranging,  immature 
Kemp’s  ridley  turtles.  In  addition,  an  effect  of  size  on  stress-induced  elevations  of 
corticosterone  was  indicated  with  smaller  turtles  having  higher  corticosterone 
concentrations  after  30  min  of  capture.  Thus,  the  HP  A axis  of  a marine  reptile  responds 
similarly  to  mammals.  However,  metabolic  rates  may  play  a more  critical  role  in  the 
reptilian  pattern  of  response. 
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Individual  testosterone  concentrations  of  many  turtles  were  altered  in  a highly 
variable  fashion  after  30  min  of  captivity.  Thus,  I have  shown  that  the  HPG  axis  of 
immature  animals  seems  to  be  responsive  to  stress.  For  those  sexing  immature  sea  turtles 
using  plasma  testosterone  concentrations,  I have  demonstrated  the  need  to  use  samples 
from  unstressed  animals  or  risk  identifying  gender  incorrectly.  If  elevated  testosterone 
concentrations  are  an  indication  of  maturing  gonads,  this  study  showed  that  animals  as 
small  as  40  cm  carapace  length  may  be  reaching  sexual  maturity. 

Effects  of  acute  stress  on  plasma  corticosterone  and  glucose  were  shown  for 
captive,  juvenile  alligators  in  Chapter  3.  I demonstrated  that  the  HPA  axis  of  a reptile 
maintained  in  warm  temperatures  can  respond  with  significant  elevations  of  plasma 
corticosterone  only  5 min  after  capture.  Hyperglycemia  occurred  within  1 5 min  after 
capture.  To  my  knowledge,  this  is  the  first  study  to  examine  stress-induced  secretion  of 
plasma  corticosterone  and  glucose  in  a crocodilian  at  such  short  time  intervals.  These 
results  show  that  reptiles  have  the  potential  to  respond  to  acute  stress  as  quickly  as 
endotherms.  However,  I observed  an  interspecies  difference  as  hyperglycemia  was  not 
detected  in  immature  Kemp’s  ridley  turtles  until  60  min  after  capture.  I suspect  that  the 
more  massive  turtles  have  a lower  metabolic  rate  than  juvenile  alligators  and  require 
more  time  for  significant  alterations  of  plasma  glucose. 

In  addition,  Chapter  3 may  be  the  first  study  to  show  a differential  effect  of 
physiological  versus  psychological  stress  on  the  HPA  axis  of  an  ectotherm.  Juvenile 
alligators  exposed  to  two  days  of  hyperosmotic  stress  + novel  environment  had  much 
higher  stress-induced  levels  of  corticosterone  than  those  exposed  to  only  a novel 
environment.  After  an  additional  exposure  to  30  min  of  acute  captivity  stress,  a 
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desensitization  of  the  adrenocortical  response  and  glucose-releasing  pathways  occurred  in 
animals  maintained  in  saltwater.  Thus,  I demonstrated  that  the  type  of  stressor  can 
attenuate  the  response  to  a new  acute  stressor  in  a reptile  as  has  been  shown  for 
mammals.  It  seems  that  the  severity  of  the  previous  exposure  (i.e.,  more  dramatic  the 
adrenocortical  response)  is  inversely  correlated  with  the  magnitude  of  the  adrenocortical 
response  during  an  additional  exposure  of  acute  stress. 

Lastly,  in  Chapter  3, 1 examined  daily  variations  in  plasma  corticosterone, 
glucose,  and  aldosterone  in  captive,  juvenile  alligators.  An  expected  biphasic  rhythm  of 
plasma  corticosterone  was  observed  with  peaks  occurring  at  2000  and  0400  h that 
presumably  correlate  with  this  species’  activity  pattern.  The  mechanism  regulating  daily 
corticosterone  levels  is  unknown.  This  may  be  the  first  study  to  show  circadian  variation 
of  glucose  in  a crocodilian.  Lowest  glucose  concentrations  occurred  at  0400  h, 
coincident  with  the  second  highest  peak  of  corticosterone.  Possible  daily  variations  were 
shown  for  aldosterone  as  well.  However,  animals  need  to  be  fasted  longer  than  26  hours 
to  clarify  these  results. 

In  Chapter  4, 1 cloned  and  sequenced  a fragment  of  the  alligator  and  chicken 
glucocorticoid  receptor.  Amino  acid  sequence  analyses  among  various  published  GR 
sequences  supported  the  sister  relationship  between  crocodilians  and  birds.  Thus,  I was 
able  to  reject  the  haemothermia  hypothesis.  This  study  was  the  first  to  provide  GenBank 
sequences  of  GR  cDNA  for  reptile  and  bird.  The  0.476  kb  fragment  of  alligator  GR  was 
used  for  the  development  of  homologous  primers  and  probe  for  the  following  study. 

In  Chapter  5,  effects  of  chronic  hyperosmotic  stress  on  corticosterone,  glucose, 
aldosterone,  urinary  sodium  and  potassium,  and  kidney  GR  mRNA  concentrations  were 
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examined  in  captive,  juvenile  alligators.  I found  a dramatic  increase  of  plasma 
corticosterone  in  fasted  animals  exposed  to  three  weeks  of  hyperosmotic  stress  versus 
fasted  controls  maintained  in  freshwater.  This  effect  was  associated  with  significantly 
lower  plasma  glucose  in  the  group  maintained  in  saltwater  for  three  weeks.  Thus,  not 
only  have  I demonstrated  an  additive  effect  of  stress  on  the  adrenocortical  response,  but 
my  hypothesis  that  the  energy  requirements  for  maintaining  homeostasis  under  a severe 
physiological  stressor  (i.e.,  hyperosmotic  stress)  would  be  higher  than  under  a mild 
stressor  (i.e.,  fasting)  was  supported. 

In  addition,  this  study  is  the  first  to  show  a reduction  in  plasma  aldosterone 
associated  with  acute  and  chronic  stress  in  a reptile.  Psychological  stress  experienced  by 
animals  observing  other  alligators  being  sampled  for  the  first  time  caused  a significant 
reduction  in  initial  aldosterone  concentrations  after  one  hour.  The  opposite  occurred  for 
corticosterone.  I suspect  that  the  interrenal  gland  of  alligators  may  not  have  separate 
populations  of  cells  dedicated  to  either  mineralocoid  or  glucocorticoid  secretion  as  found 
in  the  mammalian  adrenal  cortex.  These  data  suggest  that  synthesis  and  secretion  of 
corticosterone  occurs  at  the  expense  of  aldosterone  synthesis. 

Aldosterone  concentrations  as  low  as  60  pg/ml  were  associated  with  a promotion 
of  sodium  reabsorption  in  fasted  alligators  maintained  in  freshwater.  As  expected, 
urinary  sodium  and  potassium  levels  were  markedly  high  in  animals  exposed  to  three 
weeks  of  hyperosmotic  stress.  After  two  weeks  of  recovery,  most  metabolites  returned  to 
“baseline”  values.  Animals  exposed  to  freshwater  were  able  to  recover  much  more 
weight  lost  to  fasting  than  animals  exposed  to  the  added  stress  of  saltwater.  I also 
suggested  that  mechanisms  regulating  potassium  homeostasis  are  complex  because  post- 
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recovery  urinary  potassium  levels  were  extremely  low  even  though  plasma  aldosterone 
concentrations  were  high.  I concluded  two  weeks  were  not  enough  time  for  a full 
recovery  from  three  weeks  of  fasting  or  fasting  + hyperosmotic  stress  because  an 
additional  week  of  hyperosmotic  stress  failed  to  elicit  hyperglycemia  in  both  groups. 

Lastly,  in  Chapter  5, 1 analyzed  reptilian  glucocorticoid  receptor  mRNA  for  the 
first  time  using  a homologous  assay.  This  study  supported  the  hypothesis  that  chronic 
stress  causes  increases  in  corticosterone  that  are  associated  with  an  alteration  of 
glucocorticoid  receptor  expression  as  measured  by  changes  in  mature  GR  mRNA  levels. 
Kidney  GR  mRNA  mostly  decreased  and  was  lower  in  alligators  maintained  in  saltwater 
whose  plasma  corticosterone  concentrations  tended  to  be  higher  than  alligators  in 
freshwater.  This  is  consistent  with  many  studies  on  rodents  that  show  a downregulation 
of  GR  that  is  presumably  induced  by  glucocorticoids.  However,  a significant  increase  of 
mean  GR  mRNA  was  observed  for  fasted  animals  maintained  in  freshwater  for  one  week. 
Therefore,  I demonstrated  that  the  type  and  duration  of  stress  can  have  a differential 
effect  on  alligator  kidney  GR  expression.  After  recovery,  alligators  previously  exposed 
to  hyperosmotic  stress  (i.e.,  experienced  animals)  exhibited  lower  mean  GR  mRNA 
levels  than  baseline  and  were  able  to  maintain  glucose  levels  within  normal  ranges  upon 
another  week  of  saltwater  exposure.  However,  alligators  exposed  only  to  saltwater 
recovered  GR  mRNA  levels  but  then  became  hypoglycemic  after  one  week  of  saltwater 
exposure.  These  data  may  indicate  habituation  or  adaptation  to  chronic  stress  by  the 
experienced  animals.  Also,  while  post-recovery  analysis  of  body  mass  and  several 
metabolites  indicated  that  alligators  fasted  for  two  weeks  in  freshwater  recovered,  an 
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additional  challenge  of  one  week  of  hyperosmotic  stress  indicated  that  physiologically, 
they  were  not  fully  recovered. 

In  Chapter  6, 1 examined  protein  complement  between  alligator  and  mouse  tissues 
and  tested  whether  antibody  59  (developed  from  a synthetic  peptide  corresponding  to 
residues  245-259  of  the  human  GR)  could  be  used  to  detect  alligator  GR  protein  in  liver, 
kidney,  and  brain  via  Western  Blot.  This  study  showed  that  total  protein  banding  patterns 
from  alligator  and  mouse  tissues  differed  among  tissues  and  between  species.  However, 
no  noticeable  differences  occurred  between  total  protein  banding  pattern  of  alligator  and 
mouse  kidney.  Thus,  distinct  differences  in  excretory  physiology  do  not  translate  to 
distinct  differences  in  kidney  protein  complement.  Antibody  59  did  detect  a ~94  kDa 
protein  representing  GR  in  mouse  liver  and  brain  and  in  alligator  liver  and  brain  but  the 
band  was  quite  faint  in  the  alligator  tissues.  A cross-reacting  protein  of  smaller  size  (~45 
kDa)  was  strongly  detected  in  alligator  liver  and  kidney  but  only  in  mouse  kidney. 

Studies  have  shown  that  rat  kidney  GR  (but  not  GR  in  other  tissues)  degrades  to  this 
smaller  size  in  the  absence  of  sodium  molybdate.  Whether  this  smaller  form  of  kidney 
GR  is  an  in  vitro  artifact  or  actually  occurs  in  vivo  and  has  some  role  in  kidney  sodium 
transport  is  not  known.  I speculated  that  the  occurrence  of  the  smaller  protein  may 
simply  correspond  to  a less  stable  form  of  GR.  Thus,  alligator  liver  GR  does  not  seem  to 
be  as  stable  as  the  mammalian  liver  GR.  There  is  a possibility  that  antibody  59  may  be 
able  to  detect  alligator  GR  well  enough,  but  only  after  validation  with  a variety  of  buffers 
to  determine  if  the  smaller  cross-reacting  protein  is  a component  of  the  actual  GR.  If 
detection  of  the  full-sized  alligator  GR  is  not  improved  with  sodium  molybdate,  then  I 
recommend  a homologous  antibody  based  on  my  published  alligator  GR  sequence. 


132 


Questions  and  Suggestions 

New  data  often  lead  to  more  questions  than  answers.  Although  for  the  most  part 
my  data  support  a positive  correlation  between  stress-induced  corticosterone  and  glucose, 
they  do  not  define  corticosterone  as  gluconeogenic.  Is  stress-induced  hyperglycemia  due 
to  effects  of  catecholamines  or  corticosterone?  Studies  aimed  at  determining  the  reptilian 
biochemical  pathway  of  hepatic  gluconeogenesis  and  subsequent  effects  of 
catacholamines  and  corticosterone  on  key  enzymes  are  required  before  that  question  is 
answered  satisfactorily. 

One  of  the  weakest  areas  of  reptilian  stress  physiology  is  the  virtual  absence  of 
data  analyzing  ACTH  in  response  to  stress  in  reptiles.  It  is  difficult  to  interpret  the  effect 
of  stress-induced  elevations  of  corticosterone  on  the  reptilian  HPA  axis  when  there  are  no 
homologous  assays  for  reptilian  ACTH.  Do  elevated  levels  of  corticosterone  inhibit 
ACTH  secretion?  Such  fundamental  questions  are  unknown  in  reptiles.  Development  of 
an  assay  that  accurately  measures  plasma  ACTH  in  reptiles  is  absolutely  required  to 
elucidate  the  mechanisms  involved  with  the  biological  stress  response. 

An  extreme  difference  in  maximum  levels  of  stress-induced,  plasma 
corticosterone  exists  between  reptiles  and  rodents.  This  is  curious  given  that  the  HPA 
axis  seems  to  respond  similarly  between  the  groups.  Could  the  affinity  of  the  reptilian 
glucocorticoid  receptor  be  much  higher  than  the  rodent  GR?  Studies  examining 
glucocorticoid/receptor  dynamics  in  reptiles  are  needed  to  determine  the  significance  of 
this  taxonomic  variability. 

Historically,  stress  and  adaptation  were  often  discussed  together.  Currently,  it  is 
very  difficult  to  find  studies  that  focus  on  adaptation  to  stress.  I believe  studying  stress  in 
terms  of  an  organism’s  ability  to  adapt  to  stressful  conditions  is  extremely  important  and 
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should  not  be  ignored.  My  study  indicated  that  adaptation  to  chronic  hyperosmotic  stress 
occurred  in  alligators  upon  a second  challenge.  It  seems  the  current  field  of  stress 
physiology  is  so  focused  on  mechanisms  and  endocrine  responses  that  the  evolutionary 
implications  are  lost. 

The  most  significant  contribution  of  my  dissertation  is  that  it  provides  new 
insights  into  the  effects  of  chronic  fasting  and  hyperosmotic  stress  on  the  adrenocortical 
response  and,  for  the  first  time,  on  the  regulation  of  GR  in  a reptile.  These  data  are  the 
first  that  measure  effects  of  chronic  stress  on  reptilian  kidney  GR  mRNA  and  supports 
the  hypothesis  that  chronic  stress  alters  the  expression  of  GR  mRNA  and  is  associated 
with  elevations  of  plasma  corticosterone.  Studies  that  analyze  the  expression  of  GR  and 
GR  structure  and  function  at  the  molecular  level  are  required  to  determine  the 
physiological  function  of  corticosterone,  as  well  as  its  role  during  stress. 
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